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Abstract
The thesis at hand presents the results of a study of galaxies with
active galactic nuclei (AGN) carried out in the radio and mm wave-
length regimes at low and high angular resolutions. The studied
objects cover a broad range of mechanisms responsible for power-
ing the engines of the respective galaxies: ULIRGs (U ltraLuminous
I nfrared Galaxies), a product of mergers between galaxies that are
supposedly powered by starbursts, AGN or a mixture of the two,
and QSOs (quasi-stellar objects) which are powered by AGN. Since
ULIRGs and QSOs show similar properties (especially the infrared
luminosities), it was proposed that they form the early and late phase
of an evolutionary sequence where supposedly ULIRGs are the dust
enshrouded progenitors of QSOs.
As a prototypical ULIRG, Arp 220 represents an early-to-intermediate
phase object in the scheme of the ULIRG-to-QSO evolution. For this
object observations at multiple mm wavelengths and angular resolu-
tions with the IRAM Plateau de Bure Interferometer (PdBI) are pre-
sented and analyzed. Arp 220 as a whole is studied in CO emission of
the more extended structure. Furthermore, Arp 220-East is analyzed
in more detail in the CO gas. Indications for emission ∼ 10′′ towards
the south, as well as to the north and to the west of the two nuclei,
were found in the low resolution CO (1−0) maps. The work on this
source was complemented by performing an N-body simulation of the
merger of the two precursor galaxies of Arp 220. From the modeling
the mass ratio of the disks of the progenitor galaxies was determined
to be 1:2. The best fit of the model parameters to the available data
resulted in an age for the merger of 6× 108 years.
The 27 studied sources from the sample of nearby low-luminosity
QSOs however, are representatives of the final stage in the afore
mentioned evolutionary scheme. In this part of the thesis, the prop-
erties of these nearby QSO host galaxies are studied in the mm and
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cm wavelength regimes: Several of the sources have been probed for
HI. 45% of the sample sources were detected in HI with gas masses
between 1.1× 109 and 3.8× 1010 M. The comparison to the atomic
gas content of our Galaxy showed a factor of ∼ 2 higher than the
median gas mass for the sample sources. Indications for interactions
in some QSO hosts were found in the HI spectra as well as in the
DSS (Digitized Sky Survey) images. Their morphological appearance
of the QSOs is a topic also addressed in this thesis, as well as the
far-infrared (FIR) properties of the sample objects. A study of the
water vapor megamaser transition at 22 GHz continues this work.
No detection was found. Additionally, the knowledge about H2O
megamasers is reviewed and the differences between the two classes
of active galactic nuclei, Seyfert galaxies and QSOs, are discussed in
terms of the unified scheme for water megamaser emission.
In the course of the almost 3 years of work leading to this thesis, I
performed the reduction of all data shown (except the data reduc-
tion of the PdBI CO data for Arp 220) myself, and conducted and
set up the biggest part of all observations for the sample of nearby
low-luminosity QSO host galaxies. All analyses and simulations pre-
sented in this work were performed by me.
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Zusammenfassung
Die hier vorliegende Arbeit stellt die Ergebnisse einer Studie von Ga-
laxien mit aktiven Galaxienkernen (AGN) dar. Diese Untersuchun-
gen wurden in den Millimeter- und Radiowellenla¨ngenbereichen des
elektromagnetischen Spektrums, sowohl bei niederigen als auch bei
hohen Winkelauflo¨sungen, durchgefu¨hrt. Die fu¨r die Energieproduk-
tion verantwortlichen Mechanismen der hier untersuchten Objekte
umspannen einen großen Bereich: Die Energieemission von ULIRGs
(Ultraleuchtkra¨ftige Infrarot-Galaxien) kann hauptsa¨chlich, je nach
Entwicklunsstadium, von einer Periode intensiver Sternentstehung
(Starburst) oder einem AGN, oder einer Mischung aus beiden Prozes-
sen hervorgerufen werden, wa¨hrend die Energierzeugung in quasistel-
laren Objekten (QSOs), eindeutig, hauptsa¨chlich durch einen aktiven
Kern passiert. Da ULIRGs und QSOs a¨hnliche Eigenschaften aufwei-
sen (z.B. bei Infrarotleuchtkraft und Raumdichte) wurde vermutet,
dass ULIRGs und QSOs die Fru¨h- und Spa¨tphasen des gleichen evo-
lutiona¨ren Entwicklungspfades darstellen. Diesem Evolutionsmodell
folgend sind ULIRGs die von Staub verhu¨llten Vorfahren der QSOs.
Arp 220 ist ein prototypischer Vertreter der Klasse von Objekten,
die als ULIRGs bekannt sind. Als ULIRG verko¨rpert diese Gala-
xie eine fru¨he bis intermedia¨re Phase im Modell der sogenannten
ULIRG-QSO-Entwicklung. Die in dieser Arbeit dargestellten Ergeb-
nisse fu¨r Arp 220 beruhen hauptsa¨chlich auf Beobachtungen, die im
mm-Wellenla¨ngenbereich mit dem Plateau de Bure Interferometer
(PdBI), welches zum IRAM-Institut geho¨rt, gemacht wurden. Die-
se PdBI-Beobachtungen wurden bei verschiedenen Wellenla¨ngen und
ra¨umlichen Auflo¨sungen durchgefu¨hrt. Die Analyse dieser Beobach-
tungen und die daraus resultierenden Ergebnisse werden durch die
hier vorliegende Doktorarbeit vorgestellt. Es wurde eine genauere
Analyse von Arp 220-Ost durchgefu¨hrt. Desweiteren wurde auch die
ausgedehntere Emission von Arp 220 mit der Hilfe des CO-Mole-
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ku¨ls untersucht. Dabei wurden mit Hilfe von CO (1−0)-Beobachtun-
gen niederiger Auflo¨sung, Bereiche ausgedehnter Gasmassen ∼ 10′′
su¨dlich von Arp 220, als auch im Norden und Westen der Galaxie
entdeckt. Die Untersuchung dieses extragalaktischen Objektes wird
durch die Simulation der Verschmelzung der Vorga¨ngergalaxien von
Arp 220 vervollsta¨ndigt. Fu¨r die Simulationen wurde der sogenannte
’N-body code’ benutzt. Dabei wurde das Massenverha¨ltnis der Ga-
laxienscheiben der Vorga¨ngergalaxien zu 1:2 bestimmt. Das Modell,
welches die besten Ergebnisse, im Vergleich mit den vorliegenden
Beobachtungsdaten, lieferte ergab fu¨r die Entwicklungszeit der Ver-
schmelzung der Galaxien ein Alter von 6×108 Jahren.
Die ausgewa¨hlten nahen leuchtschwachen QSOs repra¨sentieren hin-
gegen die Endphase des schon erwa¨hnten Evolutionsmodelles von
ULIRGs zu QSOs. In diesem Teil der Doktorarbeit werden die Er-
gebnisse einer Studie der Eigenschaften von nahen QSO-umgebenden
Galaxien im Millimeter- und Radiowellenla¨ngenbereich dargestellt.
Alle Quellen dieser Auswahl an Objekten wurden auf das Vorhan-
densein von HI-Emissionslinien untersucht. Bei 45% der untersuch-
ten Objekte konnte atomarer Wasserstoff nachgewiesen werden. Es
ergaben sich dabei Gasmassen von 1.1× 109 bis zu 3.8× 1010 M.
Der Vergleich des HI-Gehaltes der nahen QSOs mit dem der Milch-
straße ergab eine um den Faktor 2 gro¨ßere mittlere Gasmasse fu¨r
die QSOs bezogen auf unsere Galaxie. Desweiteren wurden die HI-
Spektren und DSS-Bilder auf Anzeichen fu¨r Wechselwirkungen mit
anderen Galaxien untersucht.Außerdem werden die morphologische
Erscheinung und die Eigenschaften der QSOs im Fern-Infrarotbereich
analysiert. Die Untersuchung naher QSO-Galaxien wird durch ei-
ne Studie von Wasserdampfmaseremission bei einer Frequenz von
22 GHz erga¨nzt. Leider konnte dabei keine Maseremission detektiert
werden. Zusa¨tzlich wird der Unterschied zwischen zwei verschiedenen
Klassen von Galaxien mit aktiven Kernen, in Hinsicht auf das Ver-
einheitlichungsmodell von AGN, in Bezug auf Megamaseremission,
diskutiert: Seyfertgalaxien und QSOS.
Alle hier gezeigten Daten, mit Ausnahme der CO-Daten, wurden
von mir reduziert. Der Großteil der Beobachtungen der nahen QSO-
Galaxien habe ich aufgesetzt oder selbst durchgefu¨hrt. Alle hier pra¨sen-
tierten Analysen und Simulationen wurden von mir selbst ausgefu¨hrt.
iv
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0. Overview
This thesis tries to shed some light on QSOs and the properties
of their hosting galaxies in the radio and mm wavelength domains.
Atomic and molecular gas makes up a significant part of the content
of the material in a galaxy. Previous investigations of radiation emit-
ted by the gaseous galaxy content of extragalactic objects show very
different physical properties for very different types of objects. But
also objects with very similar properties/appearances were found.
Examples in the context of this thesis are, e.g., ULIRGs and QSOs,
which can be studied in to the so-called ULIRG-to-QSO evolution-
ary scheme: The hypothesis that ULIRGs are the dust enshrouded
progenitors of QSOs (Sanders et al., 1988). In this context objects
from both, the intermediate and the late phase of this evolutionary
path, are presented here in the form of Arp 220, as one prototypi-
cal ULIRG, and the nearby QSO sample. Both, the atomic and the
molecular gas properties of their hosting galaxies are studied in this
thesis. The study of Arp 220 is focused on the molecular properties
of the merging galaxy. In addition, to that the merger in Arp 220
is modeled by a simulation tool using a collisionless N-body code.
The results on the nearby QSO sample present an overview over the
neutral atomic and the molecular gas properties of the host galaxies.
Neutral atomic hydrogen and water vapor megamaser emission are
used as tracers for the properties of the galactic contents.
In Chapters 1 and 2 an introduction to the most important fun-
damentals of this thesis is given. Chapter 1 summarizes the basic
comprehension of the different classes of AGN and gives a brief in-
troduction to radio and mm astronomical tracers, used for the obser-
vation of the afore mentioned objects. In Chapter 2 the observational
techniques used for the data obtainment, for the studies presented
here, are introduced. A short overview of the three main chapters is
given in the following.
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Integrated intensity map of the CO (1−0) emission in Arp 220 left and results for the
best model fit, with an HST composite image of Arp 220 in the background (right).
Chapter 3: The Arp 220 merger on kpc scales
Here the eastern nucleus of Arp 220 is studied and the whole galaxy
was searched for the more extended molecular gas in different CO
line transitions of the famous ULIRG. Using the PdBI, CO (2-1)
and (1-0) data at 1 and 3 mm were obtained in 1994, 1996, 1997
and 2006 at different beam sizes and spatial resolutions. The obser-
vations show that the SE (south-east) peak is most likely the ’real’,
but deeply embedded/highly dust obscured, nucleus of Arp 220-East.
Moreover, Arp 220-East shows a rotational motion that corresponds
to the overall rotation of the underlying molecular disk. On the po-
sition of CO-SW (south-west) a peak in the line width distribution
and the rotational motion in the velocity field indicates the proba-
ble presence of an additional, very faint nucleus. For the first time
it is tried to detect and study the molecular gas outside the central
3′′. There are indications, in the CO (1-0) low resolution maps, for
emission about 10′′ towards the south, as well as to the north and
to the west of the nuclei. Furthermore the merger in Arp 220 was
modeled with the help of the CO data and an HST image of the
prototypical ULIRG. The simulations of the merger in Arp 220 were
performed with the Identikit modeling tool. The model parameters
that describe the galaxy merger best give a mass ratio of 1:2 and
result in a merger of ∼ 6×108 yrs.
2
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Atomic gas content of the nearby QSO host galaxy HE 1248–1356. The continuum map
is shown on the (left), the HI line emission map on the (right).
Chapter 4: HI in nearby QSO host galaxies
This chapter addresses the atomic gas properties of a sample of
nearby low-luminosity QSO host galaxies. 27 previously CO detected
sources were searched for HI emission. The relationship between
the HI and infrared properties of the host galaxies is investigated.
In addition, the atomic and molecular gas contents were compared
and the optical and FIR (far-infrared) properties were searched for
connections. The single-dish observations were made with the Ef-
felsberg 100-m telescope. All sample objects were drawn from the
Hamburg / ESO survey of optically bright QSOs with declinations
δ >−30◦ and redshifts up to z= 0.06. 12 host galaxies from the sam-
ple have been detected in the HI 21 cm emission line. The median HI
gas mass in the whole sample is of the order of 11.4× 109 M, which
is a factor of two higher than the HI content of the Milky Way, and it
corresponds to the upper limit of HI masses found for ULIRGs. The
data points of the non-detected sources sample an upper envelope of
the HI mass distribution.
3
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A simple depiction of the unified scheme in context of water megamaser emission.
Chapter 5: Water megamasers in nearby QSOs?
In this part of the thesis, the study of the sample of nearby QSO host
galaxies is continued. Using the Effelsberg 100-m telescope again, the
17 most IR (infrared) luminous sources were searched for emission in
the 22 GHz water vapor maser transition. None of the observed
sources was detected in water maser emission. The discussion on the
reasons for H2O megamasers being rarely found in Seyfert 1 galaxies
are reviewed. Furthermore the differences between Seyfert galaxies
and QSOs are discussed, as well as possible reasons for the absence of
water megamaser emission in the sample QSOs. Eight of the observed
sources show a bulge dominated morphology and are probably of
elliptical type (E/S0), whereas 6 have a spiral geometry. Three of the
objects seem to be in a late phase of merging/interaction. 3σ upper
limits, for the flux density, of 27 to 60 mJy at spectral resolutions of
∼ 0.43 km s−1 were found.
4
1. Activity in galactic nuclei
1.1. Introduction
Approximately 60 years ago, a very ’special’ class of astronomical
object was discovered: Optically, their appearance is point-like and
it was proposed that these objects are a new unusual phase in the
evolution of stars. But the spectra didn’t look star-like at all. The
distances for these sources, determined by optical spectroscopy, shed
some light on their unusual nature. They turned out to be lo-
cated outside the Milky Way at high redshifts (3C 273, z= 0.158;
3C 48, z= 0.367 Schmidt, 1963; Greenstein & Schmidt, 1964). Due
to their appearance and extragalactic distances, this class of objects
was termed quasi-stellar radio sources (quasars) or quasi-stellar ob-
jects (QSOs), depending on their properties in the radio waveband.
But that was not the only peculiar behavior observed for these ob-
jects: Resulting from the findings about their extragalactic origin it
was discovered that almost all the energy emitted by quasars origi-
nated from the inner central regions of the galaxy, the so-called active
galactic nucleus (AGN). Therefore the point-like appearance was ex-
plained by a galaxy which has its nucleus outshining the surrounding
environment of the fainter host. The spectral energy distribution
(SED) of these objects extends over a wide range of the electromag-
netic spectrum with roughly equal energy emitted in each waveband.
The nature of the mechanism responsible for the huge energy out-
put, that cannot be explained by pure stellar radiation, is not clear to
date. The most likely explanation to account for the nuclear activity
is the process of gravitational accretion of matter by a supermassive
black hole (SMBH): Magorrian et al. (1998) found a relation between
the black hole mass and the mass of the bulge of a galaxy. In com-
bination with the correlation between the black hole mass and the
5
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stellar velocity dispersion (e.g., Gebhardt et al., 2000; Shields et al.,
2003), this implies that most galaxies with a bulge component harbor
a supermassive black hole in their center (see e.g., Richstone et al.,
1999; Kormendy & Gebhardt, 2001). The only other real contender,
for the supermassive black hole as the responsible component for ac-
tivity in the galactic nucleus, is the nuclear starburst scenario (see
e.g., Terlevich et al., 1992). All other alternative models have been
rejected with time due to the incapability of the models to account
for several AGN characteristics.
One central question, however, is still unsolved: How is the AGN
fueled? One hypothesis is that AGN activity may be triggered by
interactions with other galactic systems. Mergers are a very efficient
way for matter to loose angular momentum and to be transported
to the central regions of the galaxy, within the vicinity of the black
hole. But not each galaxy with an AGN has close-by companions or
shows any sign of interactions/mergers in its past. Hence the study
of the AGN’s environment, starting with the hosting galaxy, is es-
sential in the search for answers to the unsolved questions. Studying
the host galaxy itself is one approach to gather knowledge about the
true nature of AGN. Due to their small cosmological distance, nearby
QSOs are ideally suited to study the properties of their host galaxies.
Important diagnostic tools to explore the physical mechanisms and
properties in these objects, on very different scales, are the atomic
and molecular gas species.
1.2. Classification of AGN
Most AGN systems are very similar in their physical properties.
Some measures for classifications are the luminosities, the presence
of jets, outflows and other morphological peculiarities or anisotropic
effects (Binney & Merrifield, 1998). The first active galaxies dis-
covered looked like stars but showed a non-stellar spectrum. They
were named quasars (quasi-stellar radio source) due to their strong
radio emission. Later discovered quasars with weaker radio emission
were termed QSOs (quasi-stellar objects). Blazars are objects with
luminosities comparable to those of QSOs, but are highly variable.
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A similar class of galaxies with lower luminosities (factor of ∼ 100
compared to QSOs/quasars) are the Seyfert galaxies. Due to their
fainter nuclei the host galaxies of Seyfert nuclei are visible, in con-
trast to quasars. Continuing the series to objects of even smaller
luminosities, LINERs (Low I onization N uclear Emission Regions)
complete the overview. Unification models (e.g. Antonucci, 1993;
Urry & Padovani, 1995) are means to study the evolution of galax-
ies, and QSOs, in particular.
1.2.1. Quasars and QSOs
Figure 1.1.: The type 1 QSO
NGC 4593 (taken from the NED)
Quasars (quasi-stellar radio sources),
the subclass of AGN with the high-
est luminosities, were discovered as un-
resolved, starlike objects with a clear
non-stellar spectrum. Their starlike
appearance originates in their optically
exceptionally bright active galactic nu-
clei (AGN), which dominate the bright-
ness distribution of the quasar host
galaxies. A widely accepted explana-
tion for the quasars strong emission
at all wavelengths is the accretion of
matter onto a supermassive black hole.
Quasars are very similar to the group of
objects summarized as type 1 Seyfert
galaxies. In fact, the only difference in the classification between
these two object classes is made with the help of the absolute magni-
tude MB: Objects fainter than absolute magnitude values of−23 mag
(MB>−23 mag) are termed Seyfert galaxies. Objects brighter than
this limit (MB≤−23 mag) are quasars. Quasars occupying the lower
end of the luminosity function found for quasars are termed low-
luminosity quasars. Furthermore, an additional distinction within
the group of quasars was introduced: Radio-loud objects are classified
as quasars whereas radio-quiet quasars are classified as QSOs (quasi-
7
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stellar objects)1. Quasars are usually found at higher redshifts (their
number density peaks at redshifts 2≤ z≤ 3, e.g., Schmidt, 1988).
There are indications that quasars result from interacting/merging
galaxy systems (e.g. Sanders et al., 1988; Bahcall et al., 1997).
1.2.2. Blazars
Figure 1.2.: Superluminal mo-
tion in the blazar 3C 279 is
shown in a mosaic of five ra-
dio images made over seven years
(Image courtesy of NRAO/AUI,
http://images.nrao.edu/387 ).
Under the term blazars, the groups of
BL Lac objects and OVVs (Optically
Violently Variables), very luminous ob-
jects, are united. BL Lac objects,
named after their prototype BL Lacer-
tae, are galaxies exhibiting only weak
emission lines. They show luminosities
comparable to QSOs, but their spec-
tra are featureless (Ghosh et al., 2000).
These types of objects have a very com-
pact morphology, i.e. mostly ellipti-
cal morphology. They are most well-
known for their highly variable emis-
sion at almost all wavelengths. OVVs
however are objects with strong emis-
sion lines, that show equally strong flux
variabilities in the optical wavelength
regime (Peterson, 1997, and references
therein). Within the unified scheme
blazars are believed to be AGNs with
a powerful relativistic jet close to the
line-of-sight to the observer. Therefore blazars are often associated
with superluminal motions.
1 A standard division between radio-loud and radio-quiet is given by the radio power
P5 GHz, log10[P5 GHz(W/Hz/sr)] = 24 (Goldschmidt et al., 1999)
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1.2.3. Seyfert galaxies
Figure 1.3.: The type 1
Seyfert galaxy NGC 7742 (from
http://imgsrc.hubblesite.org/hu/db
/images/hs-1998-28-a-full jpg.jpg,
Credit: The Hubble Heritage Team
(AURA/STScI/NASA))
Seyfert (Sy) galaxies belong to the
group of low-luminosity AGN. They
show luminosities a factor of ∼ 100
lower than for QSOs/quasars. Seyfert
galaxies, or short Seyferts, are char-
acterized by very fast motions of the
gas resulting in the broadening of emis-
sion lines to line widths of ∼ 500 up
to 10 000 km s−1. Their highly ex-
cited, strong emission lines, in the
infrared wavelength regime, originate
from their nuclei. Most Seyfert nu-
clei reside in host galaxies with a spi-
ral morphology, but there are also a
few exceptions for the host galaxies be-
ing of elliptical structures. Due to the
large spread in line widths a further
subclassification was introduced: Type
2 Seyfert galaxies only show narrow lines (500 to 1 000 km s−1)
whereas type 1 Seyfert galaxies show very broad lines (∆v up to
10 000 km s−1) but also narrow emission lines. The narrow line com-
ponent in Seyfert 1 galaxies is made up of, e.g., forbidden line tran-
sitions of oxygen (e.g., [OII], [OIII]). The classification into type 1
and 2 Seyfert galaxies has no ’hard limit’. However, observations of
objects characterized as Seyfert galaxies also show intermediate line
widths in their spectra. Hence another subclassification was intro-
duced: Dependent on the line widths found in the object’s spectrum
the galaxy is classified as e.g., Seyfert type 1.5, 1.8, 1.9 up to Seyfert
type 2. One major difference between the spectra of Seyfert 1s and
Seyfert 2s was found, as mentioned before, in the line widths of their
emission lines. The comparison of Seyfert 1 galaxy spectra to QSOs
yields that spectra of Seyfert 1 galaxies have, on average, a simi-
lar spectrum as quasars. However, due to the large line widths in
Seyfert 1s, on first sight there is no resemblance between the type 1
and 2 Seyfert galaxies. Later it was found that in polarized light the
spectra of Seyfert 2s and Seyfert 1s are indeed quite similar to each
9
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Figure 1.4: This cartoon shows
the main features of a ’unified
model’ for AGN as reviewed by Urry
& Padovani (1995). Depending on
the viewing angle of the observer
the galaxy shows an appearance of a
Seyfert 1 (Sey 1) or Seyfert 2 (Sey 2)
galaxy, or a radio-quiet QSO. Radio-
loud galaxies on the other hand can
have the appearance of OVVs or
BL LACs, radio-loud QSOs or as
broad-line (BLRG) and narrow-line
radio galaxies (NLRG).
other (e.g. Krolik & Kallman, 1987; Wilkes et al., 1995). This finding
led to the introduction of the so-called unified scheme of the different
Seyfert type galaxies. In Fig. 1.4, a cartoon of this scenario is shown.
It says that Seyfert type 1 and 2 galaxies only differ in terms of the
viewing angle of the observer. In other words: Seyfert 1 nuclei are
hidden within Seyfert 2 galaxies behind an obscuring dusty molecu-
lar thick disk or torus. The studied objects will appear as Seyfert 1s
when the observer has a more pole-on view on the nucleus, whereas
they will appear as Seyfert 2 galaxies with a more edge-on view. In
terms of the characterization of the Seyfert type by line width this
means the following: The Seyfert 1 nuclei, together with the broad
line (BLR) and the narrow line regions (NLR) are directly visible
and not significantly obscured by material. The emission from the
broad line region (BLR) in Seyfert 2 nuclei is covered by the dusty
torus. Hence, from the nuclei of type 2 Seyfert galaxies only the light
reflected by dust grains reaches the observer. This reflected light,
which is generally polarized, leads to the similarity of Seyfert 1 and
2 polarized emission spectra.
10
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1.2.4. LINERs
Figure 1.5.: The LINER galaxy
M 51 (http://hubblesite.org/
gallery/album/entire/pr2005012a/
1280 wallpaper/ )
A group of galaxies even less lu-
minous than Seyfert 2 galaxies are
the so-called Low I onization N uclear
Emission Regions (LINERs). They
were first discovered by Heckman
(1980), using oxygen lines. Spectro-
scopically, LINER galaxies are very
similar to type 2 Seyfert galaxies but
can be distinguished from them on
the basis of emission line ratios (e.g.,
[OIII]λ5007/Hβ, [NII]λ6583/Hα). Sey-
fert 2s have high values in both ra-
tios, whereas for LINERs the values
of [OIII]λ5007/Hβ are relatively low in
comparison to their [NII]λ6583/Hα ratio. Spectra of typical LINER
galaxies show emission from weakly ionized or neutral atoms (e.g., O,
OI, NI). Approximately ∼ 30% of all nearby galaxies are classified as
LINER galaxies (distances up to 20 - 40 Mpc Heckman, 1980). A still
ongoing debate is whether the ions in LINERs are excited by shock
waves, propagating through the gaseous material (Heckman, 1980),
or by photoionization (Ho et al., 1993). Together with the Seyfert 2s,
LINERs make up the majority of the population of galaxies known
to exhibit emission in the 22 GHz water megamaser line transition
(Braatz et al., 1997; Kondratko et al., 2006b).
1.2.5. ULIRGs
Already in 1972, Rieke & Low mentioned the existence of galaxies
with an IR excess. These sources, called U ltraLuminous I nfraRed
Gataxies (ULIRGs) are objects of a galaxy class characterized by very
high luminosities in the infrared wavelength regime discovered by the
IRAS satellite (Infrared astronomy satellite). Their IR luminosity
ranges between 1012 L≤Lbol∼LIR [8− 1 000µm]≤ 1013 L. In the
optical, UV and even in the mid-infrared and X-ray wavelength bands
11
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Figure 1.6.: The ULIRG
Arp 299 (http://hubblesite.org/
gallery/album/entire/pr2008016bs
/xlarge web/ )
ULIRGs are highly obscured which
makes it very difficult to clearly probe
the physical properties by observa-
tions. They are so bright in the in-
frared because this obscuring dusty
material re-radiates the energy from
the power source of the ULIRGs. They
are thought to be powered by either
a strong nuclear starburst (Joseph,
1999), a heavily obscured active galac-
tic nucleus (Sanders, 1999) or a mix-
ture of the two. Whatever the power
source may be, a large molecular gas
concentration in the central kiloparsecs
is needed in order to be sustained (see
e.g., Sanders et al., 1988).
Most ULIRGs are found to be in a state of merger or interaction
with other galaxies (e.g. Farrah et al., 2001; Veilleux et al., 2002).
Previous studies of the molecular gas content of ULIRGs show that
tracers indicating high-density gas originates in a compact nuclear
region (see e.g. Sanders et al., 1991; Gao & Solomon, 2004). Hou
et al. (2009) state that ∼ 25% of all ULIRGs show indications for
the presence of AGN (∼ 15–20% according to Nardini et al. (2008)).
Even more so (about 50%), if the infrared luminosity of the observed
ULIRG surpasses a value of 1012.3 L. Sanders et al. (1988) found
that ULIRGs and QSOs have similar properties, such as similar space
densities (Soifer et al., 1986) and luminosities. Hence they proposed
a model in which ULIRGs play a dominant role in the formation of
all QSOs. The scenario indicates that ULIRGs are an early phase,
dust-enshrouded, object on the evolutionary road to the formation
of QSOs: Two spiral galaxies, very rich in molecular gas, merge or
interact. During the merger/strong interaction the decrease of or-
bital angular momentum results in a decrease of the orbital radius.
This decrease in angular momentum then further results in the fun-
neling of molecular gas to the central regions of the merging galaxies.
This enhancement of gaseous material will result in an intense burst
of star formation. At the same time this gas, and stellar remnants
introduced by the strong interactions provide the fuel for an active
12
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galactic nucleus. At this point in the evolution the far-infrared lumi-
nosity is dominated by the starburst contribution. The time period
to the maximum contribution of the starburst component is assumed
to be ∼ 108 yrs. The increase in the contribution of the AGN gener-
ally takes place when the merging nuclei reach apparent separations
less than ∼ 1 kpc. In the ULIRG phase the starburst is still switched
on but is then overpowered by the AGN contribution (Veilleux et al.,
2009). The combination of the radiation pressure and super novae
explosions results in the blowing out of the dust. From now on the
objects will take on the appearance of classical QSOs.
Kawakatu et al. (2006) and Cao et al. (2008) searched for the link
between ULIRGs and QSOs. They propose that type 1 ULIRGs,
ULIRGs containing Seyfert 1 nuclei, are the missing link in the evo-
lutionary scenario. Veilleux et al. (2009), however, found in their
bigger sample that there are fully merged ULIRGs which have not
yet produced systems dominated by the AGN contribution or which
have not blown away the obscuring dust envelope. They also find
ULIRGs in a pre-merger state that are already dominated by AGN
contribution. They conclude that the scenario presented by Sanders
et al. (1988) needs to be revised and replaced by a ’softer’ version of
the evolutionary scenario: Veilleux et al. (2009) propose a scenario
where several evolutionary paths are possible during the period of
AGN contribution, i.e. allowing for non-monotonic episodes in the
evolution in quantities like AGN contribution to the luminosity, Ed-
dington ratio, etc.
1.3. Emission lines as diagnostic tracers of physical
properties
In this thesis, atoms and molecules are used as tracers of conditions
and physical processes in external galaxies. Depending on kinetic
temperature and density of the gaseous material different atoms and
molecules are employed to study the physical properties of the galax-
ies. The observed line spectra can be used to determine densities,
temperatures and masses. Furthermore statements on the kinemat-
ics and dynamics of the host galaxies can be made.
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1.3.1. Atomic gas
The neutral atomic gas consists of cold diffuse neutral hydrogen (HI)
clouds and warm inter cloud gas. The far ultra-violet (FUV) field
around stars is the energy source for the radiation emitted by the
atomic gas, it provides the energy needed to excite the atomic line
and continuum emission. Within the clouds the gas has a filamen-
tary structure. Observations of the neutral atomic gas are done in
emission as well as with absorbtion lines. The cold neutral medium
corresponds to a cold, dense cloud phase. It fills about 2.5% of the
volume of the interstellar medium (ISM). This material is studied by
observations of the 21 cm HI emission line and interstellar absorption
lines. The warm neutral medium, on the other hand, makes up 15%
of the ISM volume. For studies of the warm neutral medium, diffuse
X-ray background emission and absorbtion lines in the UV (ultra-
violet) regime, are used. The filling factors stated here are based on
Galactic measurements.
1.3.1.1. Neutral atomic hydrogen
Neutral atomic hydrogen emission at a wavelength of 21 cm (1.4 GHz)
is radiated via magnetic dipole radiation, originating from the hyper-
fine transition of the ground state of atomic hydrogen. The transition
between the energy levels involved takes place between the hyperfine
doublet (F = 1 → F = 0) of the ground state of the atomic hydrogen.
In 1951, Ewen & Purcell were the first to observe the 21 cm line tran-
sition of neutral atomic hydrogen in our galaxy. Nowadays this line
transition is used for a variety of astrophysical purposes: e.g., the
determination of the total neutral gas mass of galaxies, the rotation
curve of galaxies and hence also their atomic gas structure and the
dynamics of the individual galaxies. In this context HI can be used as
a tracer of the gravitational potential, produced by the total galaxy
content, and hence of the dynamical state of the galaxy. With the
help of the rotation curves and velocity fields deduced from the HI
data the potentials of such galaxies are determined. It was discovered
that for ’normal’ galaxies, without any peculiarities, the dimensions
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for the HI gas are much larger than, e.g., for the molecular gas or the
stellar components of the galaxies. Because of its greater extension
in the host galaxies, with respect to molecular gas (e.g. CO), HI is
especially suitable for the search for early stages of interaction with
the surrounding medium (e.g., in the M 81 galaxy group Kuo et al.,
2008). The shapes of asymmetric HI spectra can therefore be used as
indicators for asymmetries on larger scales. These can then be stud-
ied with respect to the subject of massive mergers in nearby QSO
host galaxies. The extended emission is furthermore used to trace
the system kinematics, dynamics and provides evidence for the pres-
ence of dark matter in the outer galaxy regions (e.g., Hewitt et al.,
1983; Martin, 1998; Bajaja et al., 1994).
Only little is known so far on the atomic gas content in QSO host
galaxies. Lim & Ho (1999) and Lim et al. (2001) present one of
the first studies of HI emission in nearby QSO host galaxies. They
find that while most of their observed sources show signs of a past
or ongoing tidal interaction, they do not yet physically merge with
another galaxy. An extensive survey of 101 northern nearby galaxies
hosting type 1 AGN was conducted by Ho et al. (2008a,b). Their
sample shows a detection rate of ∼ 65%. They find a strong relation
between the mass of the central black hole and the dynamical mass
of the host galaxy. Furthermore, Ho et al. (2008b) present evidence
for a substantial ongoing black hole growth in the most actively ac-
creting AGNs in their sample. Haan et al. (2008) present a high
resolution study of 16 nearby NUGA (NU clei of GAlaxies) sources
of different AGN types.
The observations of HI presented in this thesis are used to study the
atomic gas content in nearby QSO host galaxies.
1.3.2. Molecular gas
Molecular gas shows complex structures like clumps and clouds whose
densities range from n∼ 105 up to 109 cm−3. With a mass fraction,
of the whole mass content of a galaxy, of 10% the molecular gas
occupies only 1% of the whole volume of the interstellar medium.
Observations of the gas can be done by studying the rotational tran-
sitions of different elements, like e.g. CO J = 1→0 at a wavelength
15
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Figure 1.7.: NGC 4321 in HI (left Haan et al., 2008) and in 12CO (3−2)
(right, on top of a DSS image, from the JCMT Legacy Survey,
http://outreach.jach.hawaii.edu/pressroom/2008 legacysurvey1/NGC4321
int olay dss colour.jpg) line emission.
of 2.6 mm, or by studying UV resonance absorbtion lines of molec-
ular hydrogen. The better part is concentrated in giant molecular
clouds (GMCs). Only in these molecular clouds, the densities and
temperatures are high enough for the formations of stars. With a
gas fraction of 99.98% molecular hydrogen (H2) is the most common
molecule (see e.g., Omont, 2007). Molecular transitions (from FIR
out to radio wavelengths, created by e.g., rotational and inversion
transitions, or transitions caused by the stretching and bending of
molecules) are used as observational means to study these regions.
As shown in Fig. 1.7, the same astronomical object can look very
different in atomic and molecular gas emission, since both gas com-
ponents are tracers for very different physical properties.
1.3.2.1. The H2 molecule
Molecular hydrogen is the most common molecule in the interstellar
medium. Since H2 has a symmetrical structure the molecule has no
electric dipole moment. Molecules can only emit radiation if their
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dipole moment is larger than zero. For H2 this is only possible in the
first excited state (11.2 eV; T> 100 K). The corresponding emission
line has a wavelength of 111 nm, in the ultraviolet waveband. Only
transitions between the v and J modes of molecular hydrogen lead
to the emission of radiation in the infrared and radio regime.
1.3.2.2. The CO molecule
After H2, CO is the second most common molecule in the universe
with a ratio of n(H2)∼ 104 n(CO). Due to the low critical density nec-
essary for the excitation of the CO emission (ncrit(J = 1−0)∼ 740 cm−3,
Forbrich 2003), occurs excitation at low densities. The excitation of
the energetic lowest rotational transitions is caused primarily by the
collision with H2 molecules. Since the CO molecule has a permanent
dipole moment, the de-excitation of the excited states is performed by
rotational transitions between the energy levels. The excitation tem-
perature of the lowest permitted rotational transition lies at 5.5 K.
Hence the CO molecule emits radiation already at very low tem-
peratures and the emission is radiated in the mm/radio wavelength
regime. Assuming the commonly used correlation between CO and
H2 is correct, CO can be used as a tracer to indirectly observe the
molecular hydrogen (e.g., Chap. 3 in Omont, 2007).
The molecular CO emission is, e.g., used to determine temperature,
densities and masses of molecular clouds, molecular discs of galaxies,
etc. With its strong binding energy of 11.1 eV the CO molecule is
protected from further reactions with possible reacting agents from
the molecules vicinity, i.e. CO is relatively stable. Furthermore,
the binding energy protects the CO molecule from the influence of
the UV radiation field (’self-shielding’). Isotopes of carbon monoxide
used as tracers in mm astronomy are 12C16O, 13C16O, 12C18O, 12C17O
and 13C18O. The most common isotope is 12C16O.
Although much effort has been invested in studying the molecular
gas emission in QSO host galaxies (Scoville et al., 2003; Krips et al.,
2006a,b; Bertram et al., 2007), only little is known so far: Evans et al.
(2001, 2006) and Scoville et al. (2003) discuss small samples of QSO
host galaxies from the Palomar-Green (PG) Bright Quasar Survey.
As molecular gas is the fuel for any activity process, whether it is
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in form of vigorous bursts of star formation (SB) or an intensively
accreting supermassive black hole (in AGN), the study of its mor-
phology and its kinematics is of key importance to understand the
fueling mechanisms that keep the activity alive over cosmologically
significant time scales (see e.g., Hopkins et al., 2005). The majority
of nearby QSOs is associated with large reservoirs of molecular gas
(> 109 M), which militates against a quiescent nature of host galax-
ies. This might imply that the density of the formerly AGN obscuring
medium in the central region is significantly reduced. The low-z PG
QSOs and nearby Hamburg/ESO survey (HES) QSOs show CO and
FIR luminosities and star formation efficiencies that are lower than it
is the case for ULIRGs in the same co-moving volume. Spatially re-
solved data on QSOs in the local universe, however, are hardly avail-
able. Staguhn et al. (2004) present a ringlike structure with a radius
of ∼ 1.2 kpc in the circumnuclear molecular gas distribution of I Zw
1. For the low-luminosity QSO HE 1029–1831 (Krips et al., 2007)
estimate a size of 6± 2 kpc for the CO source that is aligned with
the optical bar. Another one, HE 2302–0857, shows an exceptionally
broad CO (1−0) emission line of ∼ 650 km s−1 (Bertram et al., 2007).
CO observations are used, in this thesis, to study the famous ULIRG
Arp 220.
1.3.3. Maser
The term maser in short stands for microwave amplificaion by stimula-
ted emission of radiation. Maser emission from molecules requires
certain physical conditions to be met. To excite the energy levels
involved critical values for the density and the temperature of the
molecular gas have to be surpassed: The density n(H2) has to be
larger than 107 cm−3, the temperature must be higher than ∼ 400 K
(e.g., Henkel et al., 2005), and the masing molecules have to un-
dergo a population inversion. Furthermore, the velocity coherence
along the line of sight through the medium has to be long enough to
achieve a significant amplification of the radiation. A nearby energy
source is implicit in the population inversion of the maser levels.
Other than in the lab, maser emission in the interstellar medium
occurs naturally since the conditions in the ISM are typically not
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in thermal equilibrium and it is not uncommon to find dense gas
with the right properties in the vicinities of stars (galactic masers)
or active galactic nuclei. A differentiation between galactic and ex-
tragalactic maser emission has to be made due to the differences in
the excitation mechanisms leading to the emission of maser radia-
tion. Galactic masers, known since the 1960s, have been found in
star formation regions in the vicinity of young stellar objects (YSOs)
and in the molecular envelopes of evolved stars. Until 1977 maser
emission was known only for galactic sources. The first extragalactic
maser source was found in M 33 (Churchwell et al., 1977). In com-
parison to galactic masers, the extragalactic maser emission seems to
originate from high-density molecular gas located within parsecs of
the AGN of external galaxies. To date only five molecular species are
known to emit radiation of maser line transitions in external galax-
ies: CH, H2CO, H2O, OH and SiO. The main work in extragalactic
astrophysics is however focussed on OH and H2O masers.
Due to the differences in the formation processes for H2O megamasers
a division into three subclasses has to be made: Disk-masers (found
e.g. in NGC 4258, IC 2560), jet- or outflow-masers (observed e.g.
in NGC 1052, Mrk 348) and a mixture of both, detected for ex-
ample in NGC 1068, Circinus (Lo, 2005). Disk-masers are formed
in a thin, warped, almost edge-on disk at radii up to only 1 pc
from the galactic nucleus. Jet- or outflow-masers arise from post-
shocked gas established by the impact of nuclear jets or outflows
with the nucleus-surrounding molecular clouds. Furthermore, the
so-called ’kilo-masers’ (103 times more luminous than the average
galactic maser, found e.g. in NGC 253, NGC 2146 Lo, 2005) are
thought to arise under comparable conditions as the galactic masers.
Two competing theories try to explain this weaker maser emission:
Most nuclear kilo-masers are likely physically associated with star
formation (M 82, Baudry & Brouillet, 1996). On the other hand
it is likely that the host galaxies of kilo-masers could also harbor
AGN. Hence the kilo-masers could be a weaker version of the cir-
cumnuclear disk-masers (e.g. in M 51, Hagiwara et al., 2001). To
date, H2O megamasers are found in 10% of observed AGNs in the
local universe. They are almost exclusively found in Seyfert 2 and
LINER type galaxies (Braatz et al., 1997; Kondratko et al., 2006b),
i.e. mostly in spirals.
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Extragalactic masers with isotropic luminosities LH2O> 10 L are
classified as ’megamasers’. For comparison ’average’ galactic masers
have a luminosity of 10−4 L. Megamaser emission is an excellent
probe to determine the properties of nuclear accretion disks, to mea-
sure densities and temperatures in the surrounding medium of the
excitation sources, to measure the strength of magnetic fields, to de-
termine the disk stability, as well as the mass accretion rate and
the mass of the nuclear engine. Additionally, megamasers are used
to constrain the physical parameters of the nuclear starbursts trig-
gered by spiral galaxy mergers, for example. The water megamaser
in particular provides the only possibility to map the circumnuclear
accretion disks in AGN. Additionally, the maser transition at 22 GHz
is used to constrain the mass of supermassive nuclear objects. The
water megamaser transition is a very valuable asset for obtaining
the exact distances to external galaxies as well as for studying in-
teractions between nuclear jets and dense molecular material (’jet-
masers’).
The work on masers in this thesis is focused on water megamasers in
nearby QSO host galaxies.
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mm wavelength regime
In radio astronomy, paraboloid reflectors in the forms of dishes or
horn antennae, are used for scientific purposes. Even a simple dipole
can be used as an antenna. Observations in the mm and radio wave-
length regime are conducted with the help of heterodyne receivers,
for observations of line emission, bolometers, for observations of the
continuum, or Schottky diodes. Heterodyne receivers use the fre-
quency mixing technique: The frequency of the astronomical signal
is mixed with the signal of a so-called local oscillator (LO) and is
thereby shifted to a lower frequency, which is easier to handle for
the electronics, since there is a lack of amplifiers adequate for high
frequencies. The transition to observations in the FIR regime is char-
acterized by the use of so-called bolometers. Instead of executing
spectral decomposition, bolometers directly detect the received sig-
nal at the observed frequency with a very large bandwidth and are
therefore used for observations of the continuum broadband emission.
Telescopes are divided into two subclasses: Single-dish telescopes and
interferometers. Freely steerable single-dish telescopes have diame-
ters up to ∼ 100 m (e.g., the Effelsberg and the Green Bank tele-
scopes). But here the physical feasibility already reaches the limit.
Due to gravitational forces, dishes with larger diameters are not pos-
sible to build with the surface accuracy needed. But even this huge
telescopes are not large enough to study many objects of interest
in the resolution needed. This is due to the fact, that the angular
resolution of a telescope follows the formula resolution ∝ λ
D
. This
means that larger telescopes (large diameter D) have a better an-
gular resolution, but the longer wavelengths (λ), that are studied in
radio astronomy, decrease the spatial and angular resolution signifi-
cantly. This poses problems especially for studies of objects that aim
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at great detail and for sources at higher redshifts, considering that
the resolution also scales with the distance to and the size of the ob-
ject. In order to build bigger telescopes without having to deal with
the construction problems of very large dishes, several small single-
dish telescopes are connected to each other to synthesize one very
large telescope. Interferometers provide the desired angular resolu-
tions (down to several micro-arcseconds) but have the disadvantage
of longer integration times in order to achieve the desired signal-to-
noise ratios.
In the following, the basic principles of single-dish telescopes and
interferometers, along with the telescopes used for the observations
(Effelsberg 100-m telescope, VLA, PdBI), are shortly described. Ad-
ditionally, techniques used for the data acquisition are presented.
Specific details on every observational data set studied are given in
the corresponding chapters of this thesis.
2.1. Single-dish telescopes
A single-dish telescope (Figs. 2.2, 2.1) is mathematically described
by its power pattern P (ν,θ,φ). P (ν,θ,φ) characterizes the directional
dependence of received or emitted signals. The model describes an
antenna as a directionally independent emitting dipole. In reality the
energy emission is dependent on the solid angle:
P (ν, θ, φ) = G(ν, θ, φ)P (2.1)
G is the so-called gain or directivity of the telescope at a certain
frequency ν. For distinct directions the antenna receives a much
higher signal intensity than for other solid angles. The beam solid
angle of an antenna is described by :
ΩA =
2pi∫
0
pi∫
0
Pn(ν, θ, φ)sinθ dθdφ (2.2)
An ideal antenna would have a distribution of Pn = sin
2 θ= 1 within a
small solid angle. Out of this range all power would be zero (Pn = 0).
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Unfortunately, real antennae show solid angles in which, for certain
areas of θ and φ, much more power is received in those areas than
out of them. This area is termed the main lobe or beam ΩM:
ΩM =
∫∫
beam
Pn(ν, θ, φ)dΩ (2.3)
For real antennae the intensity of the signals in the side lobes (those
areas outside the beam where less signal is received) is not negligible.
Interferences (so-called radio frequency interferences or RFI) of e.g.
earthbound radio transmitters or satellites are detected in those areas
of the power pattern. Additionally strong astronomical radio sources
in the vicinity of the observed object contribute to this effect. In this
way the ’sources’ in the side lobes (either of artificial or astronomical
origin) influence the quality of the directional measurements. This
quality is described by the main beam efficiency ηM:
ηM =
∫∫
ΩM
ΩA
(2.4)
ηM characterizes which part of the power pattern is situated within
the main lobe or beam. The beam is usually characterized either by
the half power beam width (HPBW) or the full width at half maxi-
mum (FWHM) of the maximum intensity of the received signal.
Figure 2.1.: A simplified schematic diagram of a single-dish telescope (taken from
the 5th IRAM 30 m Summer School, 2009).
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Figure 2.2.: A schematic view on a single-dish telescope and its main characteristics:
lobes, HPBW (taken from the Eleventh Synthesis Imaging Workshop, Socorro, 2008).
2.1.1. The Effelsberg 100-m telescope
Built in 1971, with a diameter of 100 m, the Effelsberg radio tele-
scope (Fig. 2.3) is the biggest fully steerable single-dish telescope in
Europe. It is located to the southwest of the city of Bonn, Germany,
from where the telescope is operated by the MPIfR. In conjunction to
the paraboloid primary mirror, a 6.5 m secondary mirror is installed,
providing the observer with a second set of choices for receivers. Ob-
servations are possible in a frequency range from 400 MHz (73 cm)
to 96 GHz (3 mm). Angular resolutions between 11′ (at 800 MHz)
and 10′′ (at 96 GHz) are achievable. Astronomical objects can be ob-
served in spectral line mode as well as in the continuum. All single-
dish data obtained in the framework of the thesis were obtained with
this instrument.
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Figure 2.3.: The Effelsberg 100-m telescope by day and night.
2.2. Interferometry and interferometers
Interferometry is done by the combination of several single-dish tele-
scopes. They can be placed in close proximity with baselines on the
order of meters or kilometers, but they can also be spread over longer
distances, even continents (Very long baseline interferometer, VLBI).
For interferometers the length of the telescope separation (baseline)
determines the angular resolution in the resulting image, i.e. the
larger the baselines are, the smaller the structures get which can be
imaged. On the other hand, small telescope spacings make it possible
to detect the extended emission. A simplified diagram of an interfer-
ometer is shown in Fig. 2.4. The received signals from the respective
single telescopes cannot be combined simply by adding the signals
together. In order to receive useable data from the whole array the
signals from the single telescopes have to be coherent, i.e. one has to
make sure that the radiation emitted by the observed object at one
time, which is received by the single telescopes with slightly different
time delays is combined in the right way. In order to preserve the
coherence an artificial time delay between the telescopes of the inter-
ferometer array has to be introduced. For this reason every telescope
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Figure 2.4.: The simplified schematic diagram of a two-element interferometer, in-
cluding the instrumental time delay, to compensate for τg, and the frequency conversion
to the intermediate frequency νIF (taken from Taylor et al., 1999).
of the array has its own high-precision clock. As the separations be-
tween the single telescopes are known, the needed artificial time delay
can be derived and incorporated into the signal combining process:
The signal is received by the individual telescope dishes. Afterwards,
the frequency of the incoming signal is conversed by a local oscillator
(LO) because it is technically convenient to perform the following
operations at an intermediate frequency. Later the signals are am-
plified, filtered, and the artificial delay is introduced before all the
signals are combined in the correlator.
In contrast to single-dish telescopes interferometers do not measure
the intensity distribution of the observed object I(x, y) directly but
its fourier transform V (u, v). x and y are the coordinates in the plane
on the sky and u and v are the coordinates in the fourier space, i.e.
the coordinates of the projected baseline for each of the single tele-
scope pairs seen from the source. The intensity distribution of the
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source can be obtained by an inverse Fourier transform:
I(x, y) =
∫ ∫
e−2pii
[
xu+yv
]
V (u, v)dudv (2.5)
In practice, due to the limited observing time, the visibility function
V (u, v) is not known in the whole uv-plane but is sampled discretely.
The intensity distribution determined by the Fourier transform of the
discretely sampled V , however does not represent the true structure
of the object yet. This intensity distribution, which is still convolved
with the so-called dirty beam B of the interferometer, is termed the
dirty image. As the result of the de-convolution of the dirty image
with the dirty beam, the true intensity distribution of the observed
source is obtained.
2.2.1. The Very Large Array (VLA)
The Very Large Array (VLA, Fig. 2.5) is an interferometer consisting
of 27 single-dish telescopes located on the Plains of San Agustin
(2 124 m above sea level), fifty miles west of Socorro, New Mexico in
the US. The radio telescopes are arranged in a Y-shaped pattern and
can be grouped in four different array configurations (A, B, C and
D). Each antenna dish has a diameter of 25 m. Antenna separations
range between 1 km up to 36 km in the A array. The antennaes are
outfitted with receivers for frequencies between 73 MHz and 50 GHz,
for both continuum and line observations, and are therefore able to
probe the meter to millimeter wavelength regime. Depending on
the array configuration and observation band (frequency), angular
resolutions between 24′′ and 0.05′′ can be achieved.
Sources from a subsample of the Cologne nearby QSO sample have
been studied with the VLA in 21 cm HI line emission.
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Figure 2.5.: The Very Large Array (VLA).
2.2.2. The IRAM Plateau de Bure Interferometer
This interferometer consists of a group of six antennae. It was build
starting in 1985 on the Plateau de Bure (2 550 m above sea level)
in the French Alps approximately 100 km from Grenoble, France,
where its operating institute, IRAM, is residing. Each of the six
15 m antennae is equipped with high-sensitivity receivers covering a
frequency range from 80 to 370 GHz (3 to 0.8 mm). The telescopes
are arranged in T-shaped configuration on a north-south and an east-
west track. The longest possible baseline extends out to 760 m in
the A array in the E-W direction, corresponding to a single-dish
telescope of 760 m in diameter. Angular resolutions of 8′′ down to
0.5′′ depending on array configuration and frequency setup, can be
achieved.
All millimeter CO observations of Arp 220 have been carried out with
this interferometer.
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2.3. Observation methods
Since interferometers or interferometric arrays are made-up by single-
dish telescopes, both ’instruments’ can achieve very different resolu-
tions and sensitivities, but they still have, in principle, the same
properties. Handling an array of telescopes, in comparison to only
one single instrument, increases the effort by several orders of mag-
nitude. Each telescope has to be equipped with the corresponding
technical facilities (receivers, backends, and so on). Also, the techni-
cal complexity of the data handling and the amount of data obtained,
grows enormously with increasing number of telescopes. In interfer-
ometric observations each telescope has a number of baselines with
the other telescopes from the array producing interference fringes and
therefore deliver valuable data. Furthermore, interferometers can be
used for observations with different angular resolutions, since they
can be arranged in different patterns. Hence, they are more flexible
in terms of requisitions to the observation of very different astronom-
ical objects.
Although all of this seems to point towards completely different han-
dling modes of observations, interferometers still have the same prop-
erties of single-dish telescopes. Hence, observation techniques devel-
oped for single-dish telescopes are also used for interferometric ob-
servations.
In the following, a brief description of the observing techniques ap-
plied during the single-dish and interferometric observations is given.
2.3.1. Position-switching
For this observing technique two positions on the sky are necessary:
The position of the object to be observed (ON-position) and a posi-
tion, the so-called OFF-position, which is used as a reference and has
to be free of emission in the observed frequency range. In order to re-
duce differences in the optical depth of the air masses, OFF-positions
usually only differ in their azimuth relative to the ON-position. As
the optical depth of atmospherical layers depends on the elevation,
it is useful to choose angular distances between ON and OFF to
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be as small as possible, always under the condition that the OFF-
positions stays emission-free. Observations consisting of several pairs
of short ON-OFF integrations improve the baselines in the spectra
significantly compared to one long ON-OFF scan. This approach is
especially convenient to remove interfering signals coming from the
receivers or the atmosphere. Therefore the ON and OFF spectra are
subtracted from each other.
Objects observed with this method show improved spectral baselines
and a diminished influence of atmospheric disturbances. However,
one downside of this method is the huge amount of time spent by
slewing the telescope back and forth between the ON and OFF-posi-
tions.
Position-switching is used preferably with objects that have large di-
mensions and exhibit complex spectra. Furthermore spectra with
broad line wings as well as spectra with hyperfine structure are stud-
ied with this method. Another application of this technique is the
analysis of spectra with several velocity components spread over large
ranges in the velocity domain.
In this work the position-switching technique was applied to all 21 cm
HI line emission observations.
2.3.2. Load-switching
For the load-switching method no reference position is required. This
is a big advantage compared to position-switching technique, the
problem to find an emission free reference position is avoided and
time to slew the telescope is significantly decreased, which leads to
an increase of the on-source integration time. Instead of switching be-
tween the positions, here the frontend (receiver) continually switches
between the signal from the line-source and a cold load at a con-
stant temperature. The telescope is only tracking the position of the
observed object on the sky. After the subtraction of both measure-
ments the resulting spectrum shows two emission lines of different
rest frame velocity and polarization. To obtain a spectrum appro-
priate for analysis, a convolution of the two emission lines has to be
carried out.
With the load-switching technique, one highly efficient observing
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method resulting in an excellent signal-to-noise ratio (SNR), is avail-
able to the community. Load-switching is not suited for observations
of faint or broad emission lines. Whereas for narrow emission lines
without fine or hyperfine structure and with only a single velocity
component this technique is very much appropriate. For very ex-
tended source objects load-switching is a very good alternative to
position-switching since the problem of finding emission-free refer-
ence positions does not exist. One disadvantage of load-switching,
however, is the often bad quality of the spectral baselines. They can
show ’baseline ripples’, that are produced by ’spillover’ emission from
the side lobes of the telescope or by very strong continuum sources.
This observing technique was used in the search of the Cologne-QSO
sample for H2O maser emission only.
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3.1. Introduction
Ultraluminous IR galaxies (ULIRGs) are a galaxy class characterized
by an IR luminosity of 1012 L≤Lbol∼LIR [8− 1 000 µm]≤ 1013 L.
They are thought to be powered by either a strong nuclear starburst
(Joseph, 1999), a heavily obscured active galactic nucleus (AGN,
Sanders, 1999) or a mixture of the two. Whatever the power source
may be, a large molecular gas concentration in the central kilopar-
secs is needed in order to sustain it (see e.g., Sanders et al., 1988).
Various scenarios linking the evolution of ULIRGs to QSOs have also
been suggested (e.g. Sanders et al., 1988).
At a luminosity distance of about DL = 78 Mpc (ΩΛ = 0.7, ΩM = 0.3
andH0 = 70 km s
−1 Mpc−1) and with a luminosity of L= 1.4× 1012 L
(Soifer et al., 1987) Arp 220 is a prototype ULIRG. Extended tidal
tails, apparent in the optical (Arp, 1966), as well as the double nuclei
revealed in the radio and the near-infrared (NIR) regime (e.g. Norris,
1988), indicate that the galaxy is in the final stage of merger. The
evolutionary scenarios linking ULIRGs to QSOs allow the possibil-
ity that a weak, but growing, AGN (Taniguchi et al., 1999) may lie
at the center of Arp 220. Competing theories claim a pure nuclear
starburst contribution, contributions from hot cores or a mixture of
AGN and starburst to explain the high IR luminosity (Sakamoto
et al., 2008), arguing with the rather high star formation rate of
340 Myr−1 (Baan, 2007). Fe Kα emission at 6.3 keV was detected
at slightly more than 3σ significance, although there is no angu-
lar resolution for resolving the galaxy. This may also indicate the
presence of an AGN deeply embedded in dust. The overall gas con-
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tent was estimated to be ∼ 9× 109M (Scoville, 2000). The fact
that [OIII]λ5007, which is a good AGN tracer but also sensitive to
star formation, is not detected in the optical supports the extremely
high extinction. Sakamoto et al. (1999) found that the extinction to-
wards the main components of Arp 220 can be extremely high. They
derived an average extinction perpendicular to the nuclear disks of
AV∼ 1 000 mag, based on the mean gas and dust surface densities
from CO (2−1) and continuum observations. Optical observations re-
veal that the galaxy is clearly crossed by a dust lane spreading from
NE to SW (see Fig. 3.1a). High resolution radio and near-infrared
imaging revealed a complex nuclear structure: The core of Arp 220
appears to have (at least) two different nuclei (or nuclear regions,
Fig. 3.1). They are identified as western and eastern nuclei, separated
by about 0.4 kpc (at this redshift 0.018 kpc correspond to about 1′′).
The eastern nucleus is divided into two components: North-east (NE)
and south-east (SE, Downes & Eckart, 2007). CO (1−0) observations
revealed an underlying rotating kpc-sized molecular gas disk (Scoville
et al., 1997). The presence of compact sources identified as super-
novae (at 13, 6, and 3.6 cm) was detected by Parra et al. (2007).
A comparison between CO and near-IR data shows consistency in
the number of sources, but not in their relative position. This may
be due to: (1) the fact that different wavelengths trace different gas
phases, or (2) differential extinction.
Following it’s position in the proposed evolutionary scenarios (see
earlier in the text), Arp 220 can provide the link between ULIRGs
and QSOs. Furthermore it can be considered as a benchmark in un-
derstanding these complex objects in detail. Arp 220 may also turn
out to be useful to explain the rotation-like structures detected in
high-redshift ULIRGs (see Fo¨rster Schreiber et al., 2006). Studying
Arp 220 and other ULIRGs in the local universe, using high spatial
and spectral resolution observations, may allow to draw conclusions
for radio detected galaxies at high redshifts, which cannot be studied
in this great detail, yet.
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3.2. Observations and data reduction
The HST/WFPC2 F814W archive image was reduced ’on the fly’
using the best reference files at the moment of retrieval. In this
chapter this image is shown only as a reference. Details on the NIC-
MOS data reduction can be found in Scoville et al. (1998). CO 1
and 3 mm line and continuum observations with different spatial
scales and resolutions were carried out with the IRAM Plateau de
Bure interferometer (PdBI) in different configurations during the
years 1994, 1996, 1997 and 2006, respectively. Depending on the
observational setups and the data reduction, the synthesized beam
sizes range from 0.30′′× 0.30′′ to 4.99′′× 3.50′′. The CO (1−0) high
(Downes & Solomon, 1998) and low resolution data were taken in
winter 1996 with a bandwidth of 500 MHz and a channel separation
of 2.5 MHz, resulting in a velocity range of ∼ 1 300 km s−1 and a
velocity channel width of 7 km s−1. Using natural (high resolution)
and uniform weighting (low resolution) in the mapping procedure
gave beam widths of 1.58′′× 1,11′′ (high resolution) and 4.99′′× 3.5′′
(low resolution). The resulting CO data cubes were analyzed with
the MAPPING package of IRAM’s GILDAS2 software.
3.3. Unveiling the central kiloparsecs
With CO PdBI observations and archival HST images, the dust dis-
tribution and the distribution of the star forming regions can be
analyzed, the position of the supposedly true nuclei can be disentan-
gled, the kinematics can be studied on different spatial scales, and
the data make it possible to draw an interesting picture of the central
arcseconds (′′) of Arp 220.
2 http://www.iram.fr/IRAMFR/GILDAS
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3.3.1. Arp 220-West
The western nucleus of Arp 220 is the brightest source in the near-IR
(Fν = 20 mJy
′′−2, Fig. 3.1b), in the high resolution CO (2−1) map
(peak flux density Fν = 56.5 Jy km s
−1, Fig. 3.1c) and in the 1.3 mm
continuum (Fν = 79 mJy beam
−1; Downes & Eckart, 2007). The
2.2 µm/1.1 µm color map (peak value 15.8, Fig. 3.1d) however reveals
that the peak of the dust distribution is not associated with this nu-
cleus, but ∼ 360 pc away on the position of CO-SE. The CO (2−1)
spectra of Downes & Eckart (2007) (Fig. 3.1e) show deep absorption
that can be explained by the presence of cooler gas in the foreground
of the emission peaks. They also found that the complex CO emis-
sion can be modeled best by a cooler (50 K) molecular gas ring or
disk around a compact, hotter (170 K) dust core. In their 1.3 mm
continuum data these authors found a size for the dust source of
0.19′′× 0.13′′, which is very small. Hence the black body luminosity
of this compact dust source (∼ 1012 L) implies that the energetic
process powering Arp 220-West cannot be of starbursting nature. For
the CO (2−1) emission centered on the dust source Downes & Eckart
(2007) furthermore discovered a steep velocity rise towards the west-
ern nucleus. This behavior is a further indicator for the presence of a
black hole in this nucleus. Hence, Downes & Eckart (2007) concluded
that size, luminosity and rotation pattern observed in their CO (2−1)
data support the presence of a black hole in Arp 220-West.
In the simulations of the merger in Arp 220 (see Sect. 3.6), the west-
ern nucleus is the core of merger component I.
3.3.2. Arp 220-East
The eastern nucleus, which is veiled at optical wavelengths, can be
resolved into a NE and a SE part (see Fig. 3.1c). Former publications
(Downes & Solomon, 1998; Sakamoto et al., 1999), before Downes &
Eckart (2007), did not resolve the eastern nucleus in two compo-
nents, in CO emission. The velocity gradient which they used to
perform their modeling was the one shown in Fig. 3.2 – in this thesis
for the first time the CO intensity maps are actually confirmed by
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Figure 3.2.: a) East-west CO (2−1) position-velocity cut through Arp 220 from
CO-NE to CO-SW, with the 1.3mm continuum subtracted, considering CO-SE as the
rotating center and a radius of about 0.3′′. b) CO (2−1) velocity field of the central 3′′
of Arp 220, with a beam of 0.30′′. c) CO (2−1) velocity dispersion distribution, showing
two prominent peaks at the positions of CO-West and CO-SE and a possibly fainter
third one towards CO-SW.
the p-v diagram presented in this figure (Fig. 3.2a). Arp 220-East is
the secondary source in the distributions of near-IR, CO (2−1) and
CO (1−0) emission. With the higher resolution CO observations a
more detailed comparison to the near-infrared observations of Scov-
ille et al. (1997) was possible: The maximum of the near-IR color
map (Fig. 3.1d) is located at the position of CO-SE and hence points
at CO-SE as the peak of the dust distribution. Using H − K and
a standard extinction law (Rieke & Lebofsky, 1985), the AV for the
SE and NE nuclei in the NIR are 24 and 18 mag, respectively. In
addition, the CO (2−1) spectra show the deepest absorption in the
CO-SE region (Fig. 3.1f). Along with the velocity dispersion distri-
bution (Fig. 3.2c), peaking on the position of CO-SE rather than on
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CO-NE, this seems to point out CO-SE as the choice to be identi-
fied with a deeply embedded and/or highly dust obscured nucleus of
Arp 220-East. The steep rise in the width of the emission lines is
about 200–250 km s−1 compared to the region in-between the east-
ern and the western nuclei of Arp 220. Continuing in the direction
CO-West, the line width then rises again steeply to values of ∼ 400–
500 km s−1.
With the information provided by the emission line width peak lo-
cated on CO-SE (Fig. 3.2c) and the structure of the velocity fields
(Figs. 3.2b, 3.3), it is possible to assert the presence of rotating mate-
rial around the SE nucleus. A possible third nucleus, CO-SW (south-
west), is clearly identified in the near-IR (Fig. 3.1b), and in CO (2−1)
(Fig. 3.1c, line width enhancement ∼ 50 km s−1 compared to the sur-
roundings of CO-SW), although it is not detected in the 1.3 mm
continuum (see Fig. 2 of Downes & Eckart, 2007). In fact it approx-
imately coincides with the secondary peak of the 3–7 keV image.
The extinction derived, from the NIR, is AV = 17 mag. The struc-
ture of the line width map (Fig. 3.2c) suggests a further mass peak,
towards CO-SW. This enhancement could be produced by a mass
concentration, but it can also be produced by turbulent motions due
to the merger process. Although the true nature of CO-SW is still
unclear, it could possibly host an additional very faint nucleus of a
possible minor merger component (mergers that involve a gas-rich
disk galaxy and a bound companion or satellite that usually has
. 10% of the mass of the gas-rich galaxy), a huge star forming re-
gion, or a remnant of the merging process from one of the colliding
galaxies.
In the simulations of the merger in Arp 220 (see Sect. 3.6), the CO-SE
and NE peaks are handled as the core of merger component II.
3.4. The different kinematic scales in Arp 220
All velocity fields derived from the nuclear regions show rotation-
like patterns at different scales (see Figs. 3.2b, 3.3). Only in the
outer regions, observed at optical wavelengths, the velocity pattern
is disordered and apparently dominated by the merger (Colina et al.,
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Figure 3.3.: Velocity field of the high-resolution CO (1−0) emission observations of
the central 6′′ of Arp 220, with a beam size of 0.60′′.
2004). In the inner 2 kpc there are influences from the outflows com-
ing from the dust-enshrouded nucleus on the ionized gas (Arribas
et al., 2001).
A CO (2−1) position-velocity diagram obtained for Arp 220-West
(Downes & Eckart, 2007) shows strong variation from negative to pos-
itive velocities over the central 0.2′′. For Arp 220-East (Fig. 3.2a) the
p-v diagram also shows a variation from negative (v∼ 200 km s−1) to
positive velocities (v∼ 100–150 km s−1), considering CO-SE as the ro-
tating center and a radius of about 0.3′′. The rotational motion found
for CO (1−0) (Fig. 3.3) corresponds to the overall rotation of the un-
derlying molecular disk (total H2 mass MH2 = 2.9× 1010 M) discov-
ered by Scoville et al. (1997). Here the velocity gradient spans a range
of ∼ 400–500 km s−1. The rotational pattern seems to have its center
at the position of CO-SE. The velocity filed for CO (2−1) however,
looks different (Fig. 3.2b): Since the CO (2−1) line transition probes
higher gas densities, one can look deeper into the gaseous environ-
ment with this higher molecular transition. Therefore, a more com-
plex rotational pattern emerges. It seems that there are indications
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for rotation in CO-West, CO-NE and SE, with the center located in-
between the two intensity peaks, and in CO-SW. The velocities dif-
fer on scales of about ∆v∼ 200 km s−1 (CO-West), ∆v∼ 400 km s−1
(CO-NE & SE), and ∆v∼ 200 km s−1 (CO-SW). These rotational
motions in the molecular gas of Arp 220 was modeled as e.g., one un-
derlying molecular disk (Scoville et al., 1997) with additional gaseous
disks in the eastern and western nuclei (Sakamoto et al., 1999),
and explaining the flux concentrations in Arp 220-West and East
by crowding of inclined circular orbits of a warped disk (Eckart &
Downes, 2001). Downes & Eckart (2007) modeled high-resolution
CO (2−1) observations for Arp 220-West. They found indications
that the western nucleus, in fact, contains a black hole with an ac-
cretion disk.
In addition to the emission line width peaking in the SE nucleus (with
about the same value as in the Arp 220-West) also the maximum of
the H − K color map is located in CO-SE. Based on the velocity
field, it is possible to assert that there is material rotating around it.
On the position of CO-SW the velocity field shows a rotation pattern
centered in this region and the p-v diagram shows a local gradient
that may be interpreted as rotation, too (Fig. 3.2).
3.5. The large scale picture
The internal structure of Arp 220 has been studied extensively over
the years. Nonetheless, little effort has been dedicated to study the
more external regions although there are indications for activity in
these regions, too.
The elliptical-like envelope (see e.g., the CO (1−0) emission in Fig. 3.3)
may be consistent with a late merger phase within the elliptical-
through-merger scenario. The fact that near-IR light profiles follow
an r1/4-law (Wright et al., 1990) corroborates the last statement,
because this law found by de Vaucouleurs (1953) describes the char-
acteristic dependance, of the surface brightness distribution of the
galaxy depending on the radius, of elliptical galaxies.
Until today it is not clear yet what happens in the outer regions of
this object. For the first time it was tried to detect and study the
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Figure 3.4.: Integrated intensity map of the CO (1−0) emission in Arp 220 inte-
grated over a velocity range of 730 km s−1 with a beam size of 1.57′′× 1.11′′and with
contours starting at the 1σ level, with increasing intensity in steps of 2σ.
molecular gas outside the central 3′′. There are indications, in the
CO (1−0) low resolution maps, for emission about 10′′ towards the
south, as well as to the north and to the west of the nuclei (Fig. 3.4).
The preliminary velocity field of the large scale structure coincides
fairly well with the IFU (integral field unit) optical data from Colina
et al. (2004). A recent more careful re-analysis of the data used in
Downes & Solomon (1998) makes me confident, that the detection
is real. A further comparison with other low-resolution CO observa-
tions yielded the same result.
Furthermore, the molecular mass for the extended emission towards
the south of Arp 220 was determined by:
M = 〈N
[
H2
X
]
〉·A· 2·µ·mH M . (3.1)
M is the total mass of molecular hydrogen of the extended emission
region, 〈N(H2)〉 is the hydrogen column density determined from the
low-resolution CO (1−0) data, A is the area projected onto the sky
in the distance DL in cm
−2, mH is the mass of one hydrogen atom
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(1.67×10−24 kg) and µ is the average molecular weight per hydrogen
atom (µ= 1.36). Applying this formula to the CO data for this region
results in a total molecular gas mass (within the 1σ level contour line)
of ∼ 1× 108 M.
3.6. Identikit simulations
3.6.1. The Identikit model
The Identikit model (Barnes & Hibbard, 2009) is a tool to simulate
mergers of galactic disks with the help of test particles. Test particles
(representing stars and clumps in this simulations) are used due to
their ability to reproduce features such as bridges, tails and shells,
in particular, very well. The simulations described by the Identikit
model are based on collisionless N-body simulations (for the validity
of the assumption of collisionless particles see Sect. 3.6.3). The sim-
ulations presented here are based on a model where a bulge, a disk,
and a halo component are included.
Fifteen parameters are used to describe the model. In Fig. 3.5 a rep-
resentation of the parameter space used to fit the data is displayed
in a cylindrical coordinate system. The initial orientation of the two
galaxy disks related to the orbit is described by the inclination i and
the pericentric argument ω of each galaxy disk. Parameters defining
the orbit are the eccentricity of the orbit e, the pericentric separation
p and the mass ratio µ of the two disks. In the Identikit model the
eccentricity is fixed at a value of one. The evolution time t describes
the age of the merger in internal units of −2≤ t ≤ 8. t = 0 represents
the point in the merger evolution at which, in the configuration of
the merging/interacting system, the idealized Keplerian orbit reaches
the pericenter. Size and form of the parameter space are determined
by the error of each simulation parameter (shaded area in Fig. 3.5).
The shaded area with the point in the center (Fig. 3.5) represents the
approximate location of the parameter space where I have data to be
fitted.
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Figure 3.5.: A presentation of the parameter space used in the Identikit model sim-
ulations. The radial coordinate represents the initial orbit described by p, the azimuthal
coordinate represents the disk orientations (inclination i and pericentric argument ω of
each galaxy disk), and the vertical coordinate represents the parameters chosen after the
simulation is run (evolution time t, the viewing angles ΘX, ΘY, ΘZ). A conventional N-
body simulation explores the parameter subspace represented by the dotted line, while
a single Identikit simulation can explore the entire cylindrical surface. Adapted from
Barnes & Hibbard (2009).
3.6.2. Simulation results
Optical HST archive composite image3 and mm-CO (obtained by
Eckart & Downes, 2001; Scoville et al., 1997) data are used to fit
the Identikit model simulations. The HST images were used to iden-
tify the ’overall shape’ (x-y plane) and the CO data were used to
determine a measure on the position-velocity diagrams (x-v and v-y
plane).
In order to obtain a grid of possible models and to obtain the ’best
model fit’ from that grid, many different simulations were run system-
3 from http://imgsrc.hubblesite.org/hu/db/images/hs-2008-16-aq-full jpg.jpg
(Credit: NASA, ESA, the Hubble Heritage (STScI/AURA)-ESA/Hubble col-
laboration, and A. Evans (University of Virginia, Charlottesville/NRAO/Stony
Brook University))
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atically. To get a first estimate on the model parameters for Arp 220,
the model of the Antennae galaxy was used as a starting point, espe-
cially for the inclinations i and pericentric arguments ω of the galaxy
disks (Antennae: i1 = i2 = 60
◦, ω1 =ω2 = 30◦, Scharwa¨chter, J., priv.
communication). The Antennae galaxy has a similar morphology,
compared to Arp 220, and it also shows tidal tails from both merg-
ing galaxies, but the viewing angle is different. The eccentricity was
fixed internally from the start at a value of e= 1. In the Identikit
simulation tool, only two values for the mass ratio µ were available to
choose from, 1:1 and 1:2. Actually, the simulations were performed
for both mass ratios. At the start of the simulations all possible
values for the pericentric separation p, in the combination with the
merger time scale t, were run. After the first few crudely determined
simulations, the parameters, e, µ, p, i1, ω1, i2, ω2 and t, were better
constrained to a smaller parameter space, the viewing angles were
varied. First only one of the angles was changed, the other two re-
mained fixed, later all were changed in combination. The variation
of the viewing angles was performed systematically in steps of 10◦.
Changing the parameters and the combinations thereof resulted in
a set of parameters describing the model that fits the observational
data best (Fig. 3.6). This best fitting model was obtained by a vi-
sual inspection of the model fits and the observational data and by
applying a set of different criteria (see also Fig. 3.9).
The set of Identikit model parameters delivering the best solution
fitting of the HST image and the CO position-velocity diagram is
comprised of the following parameters: The eccentricity at a value of
e= 1. For the pericentric separation p a value of 0.125 delivered the
best results. A mass ratio of the two galaxy disks of 1:2, an unequal
merger (see Figs. 3.6 and 3.7) resulted in the best model fit. The
lower mass galaxy (see Fig. 3.6 in magenta) was initiated with an
inclination i of 60◦ and a pericentric argument ω of −15◦, the higher
mass galaxy was described initially by an inclination i of −60◦ and
a pericentric argument ω of 40◦. The viewing angles of ΘX = 90◦,
ΘY = 180
◦ and ΘZ = 40◦ gave a good match of the simulation data to
the observations. The evolution time scale for the merger resulted in
a value of t= 3 (in internal units). 1σ errors of the Identikit mod-
eling parameters are of the order of 8.3◦ for the viewing angles ΘX,
ΘY and ΘZ. The errors for the internal time scale, the inclinations
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Figure 3.7.: Left: HST ACS/WFC F435W and F814W composite image of Arp 220
with an increased contrast in order to show the tidal tails of the galaxy more clearly.
Right: The same, but superimposed with the x-y plane of the best model fit and also
with an increased contrast (between model and background image).
and pericentric arguments of the disks are ∆t∼ 0.1, ∆i∼ 10◦ and
∆ω∼ 10◦. A comparison of the obtained model fit of Arp 220 to the
study of Gonza´lez-Garc´ıa & Balcells (2005), of merging galaxy sys-
tems, results in a translation of the evolution time t to a merger age
of roughly ∼ 6× 108 yrs. This value is in very good agreement with
the age of the merging system determined by Mundell et al. (2001).
They give a value of 7× 108 yrs.
The comparison of the HST image and the best model fit in Fig. 3.7
shows that the model very well represents the properties of the Arp 220
in the HST observations. The sharp edge towards the north-east is
extremely well represented by the model. The tidal tail of the less
massive galaxy (in magenta) is in almost perfect agreement with the
extended emission towards the north-west. The more southern tidal
tail is, at the basis towards the central region of Arp 220, in good
agreement with the HST image. Further out this extended emission
does not coincide with the model any more. As shown in Fig. 3.8, the
overall shape of the model matches the CO p-v diagram. Note that a
difference is that the CO p-v diagram was taken in the central region
of Arp 220. Hence it does not cover the same velocity range as the
simulations do and does not take the regions furthest outwards into
account (see Fig. 3.8). The extensions to the NE and the SW side of
the zero-offset axis of the p-v diagram describe the CO p-v diagram
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Figure 3.8.: Comparison of the position-velocity diagram obtained from the Iden-
tikit simulations (left) with the p-v diagram from CO observations (right). Note that
the CO p-v diagram does not cover the same velocity range as the simulations do,
since it was obtained for the center of Arp 220 and does not take the regions furthest
outwards into account.
very well. The difference in the velocity range originates from the
test particles further outward of the central region not covered by
the CO data. Also the extended emission found in the low resolution
CO observations (Fig. 3.4) coincides very well with the simulations:
At the location of the extended emission ∼ 10′′ to the south of the
central part of Arp 220 a lot of emitting material is found in the
Identikit simulations (Fig. 3.6).
The quality of the model fit was determined by the following crite-
ria: Size and compactness of the merger galaxy, and by the location
and position angle of the tidal tails. The position angles, α and β,
of the tidal tails to the north-west (represented by the yellow line in
Fig. 3.9) and closer to the central region (represented by the green
line in the same Figure) of Arp 220 have values of α∼ (124.6± 9.6)◦
and β∼ (6.9± 7.6)◦. The sharp edge of the central region of Arp 220
is located at a position angle γ of ∼ (125.2± 4.8)◦. The surface filling
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Figure 3.9.: The model evaluation criteria are shown on top of the HST image (left)
and the best model fit (right) for a comparison of the observed data to the model fit
and an assessment of the quality of this model. α, β and γ represent the position angles
of the two tidal tails and the sharp edge of Arp 220 to the east, respectively. F is the
surface filling factor, which is a measure for the size and compactness of the galaxy.
factor, a representation of the size and compactness of the galactic
central bulge, was found to be F ∼ (79± 6)%. This filling factor F
represents the area within the box, shown in Fig. 3.9, occupied by the
central region of Arp 220. F is determined by fraction of the area
of the box and the box area, with the triangles subtracted where the
particle density is reduced to about zero:
F =
box area− triangles
box area
% (3.2)
All errors stated for the results are errors at the 1σ level. By eye, this
1σ error for each criteria parameter was determined from the HST
image. For the error values resulting thereof a χ2 (Eq. 3.1) of 1.3 was
derived by
χ2 =
Nobs∑
i=1
(
fobs,i − fmodel,i
)2
σ2i
(3.3)
as a measure for the deviation of the best model fit from the ob-
served data. fobs,i is the respective criteria parameter measured in
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the observational data, fmodel,i is the parameter determined from the
best model fit and σi is the observational error. Assuming ∆χ
2∼ 1
for the variation of each Identikit parameter separately (one param-
eter was variable, the others were kept fixed), the internal errors for
the Identikit model parameters were derived (see before). 10 model
parameters in the Identikit tool are faced by 10 criteria parameters
obtained from the observations: location (six parameters) and posi-
tion angle (three parameters) of the tidal tails and the sharp edge
of Arp 220, and the surface filling factor (one parameter). With the
help of these criteria the quality of the fitted models was assessed.
The comparison of the best model to the HST image in Fig. 3.9 shows
how well it fits the observational data.
3.6.3. Discussion
Since it is known from observations at mm wavelengths that the
mass ratio of the two nuclei Arp 220-West and Arp 220-East is about
1:1 (see e.g., Scoville et al., 1997; Sakamoto et al., 1999; Downes &
Eckart, 2007), it is curious that the simulation results presented here
give a value for the mass ratio µ of 1:2. One possible explanation
is that the model, is not unique, i.e. the set of parameters fitting
the HST and CO data. Nonetheless, the best model obtained here
produces a ’fair’ fit to the HST image and the CO data. Another
point that speaks in the favor, of the model presented here, is the
determined merger age that is in very good agreement with the lit-
erature value from Mundell et al. (2001).
Another point of critique may be the data that were used to fit the
model to, since they were taken at two different wavelengths and
are therefore basically tracing matter under different physical condi-
tions. Only in the central arcseconds the gas has an impact on the
overall gravitational potential, comparable to the stars impact on
the potential. Further out the stellar potential clearly is dominating.
Therefore the gas follows the potential of the stars and consequently
the stars themselves. Since it was easier to guide the fits from the
simulations by the tidal tails, seen in the HST image, more weight is
put on the outer regions of the galaxy. Hence it is justifiable to use
the HST data as well as the CO observations to fit the model results
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3. The Arp 220 merger on kpc scales
to. Outside the central region of Arp 220 gas is assumed to be found
in clumps with sizes of about 1 pc. Therefore the gas clumps can
be treated, to first order, as stars. Both, stars and gas clumps can
then be handled, to first order, as collisionless particles. This fact
is implemented in the Identikit code, so that it is truly justifiable to
use this modeling tool for the purposes of the simulation presented.
For that particular reason the Identikit model can be used without
restriction.
To show that the model presented here is indeed the best one that
could be found, two possible counterexamples are shown in Fig. 3.10.
Since a mass ratio of 1:1 between the nuclei is commonly assumed,
one counterexample representing this mass ratio is shown in Fig. 3.10
(left). It was modeled with the same set of parameters as for the best
model fit, but with the different mass ratio µ. In this figure it is very
clear that the model does not fit either the HST image nor the CO
p-v diagram (Fig. 3.10). The same applies to the second counterex-
ample (Fig. 3.10, in the middle). Here the same set of parameters as
for the best model fit was used again, only this time with a viewing
angle ΘX of 0
◦, which corresponds to an angular deviation from the
best fitting model of 10σ. The resulting model very clearly does not
fit the underlying observational data.
With the help of the mass of the gas clumps and the total gas mass
of the extended region to the south of Arp 220 the particle collision
rate can be estimated. Using the critical density commonly found in
gas clumps (ncrit = 10
3 ...105 cm−3), the clump mass (Mclump) can be
derived by
Mclump = ncritV mH
[
M
]
. (3.4)
V is the volume of one clump (∼ 1 pc3), mH (1.67× 10−27 kg) is the
mass of one H atom and Mclump is given in units of solar masses M.
Since I calculated the gas mass of the southern region of extended CO
emission (Mgas∼ 108 M), the clump density can now be determined,
via
Mclump
∫
NdV = Mgas (3.5)
where Mclump and Mgas are known, N is the clump density and dV
is the volume of the southern region of extended CO emission. With
N , the velocity dispersion σ (∼ 10 km s−1) and the cross-section s
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(∼ 1 pc2) known, finally the collision rate Rcoll can be derived by:
Rcoll = N σ s. (3.6)
From this value the time tcoll between two collisions is then deter-
mined by the reciprocal of the collision rate. This value gives an
upper limit for tcoll of particles. Values for the time scale range be-
tween 3.6× 108 and 3.6× 1010 yrs, dependent on the critical density
of the gas clumps used in the calculations. These time scales are
comparable to the dynamic time scale of the merger itself. The other
values for the time between collisions are even larger. That means
the gas clumps in the outer regions can be treated as collisionless par-
ticles. Even if agglomeration between the gas clumps should occur,
the energy contribution from the merger process, via tidal forces, to
the velocity dispersion of the gas is large enough that the clumps in
the outer regions do not collide any more. This supports that the
Identikit modeling tool, that uses collisionless test particles in the
simulations, is very well suited for my purposes.
Also the contribution of the atomic gas component can be neglected:
Since Arp 220 is already in the final stage of merger the interacting
galaxy component particles already collided, in the center of Arp 220,
at least 1–2 times with each other. Therefore the HI is either stripped
from the region studied with the merger simulations (Fig. 3 of Hib-
bard et al., 2000) or is already transformed into molecular gas (H2).
3.7. Conclusions
In this chapter on Arp 220 the results on the study of the inter-
ferometric CO data and the Identikit simulations of the merger are
discussed. The eastern nucleus of Arp 220 is studied and the ob-
ject as a whole is studied for more extended structure in CO gas
emission. The analysis of the CO lower resolution data shows that
the CO-SE peak is a very promising candidate to be the ’real’, but
deeply embedded/highly dust obscured, nucleus of Arp 220-East. In
addition to that Arp 220-East shows a rotational motion that cor-
responds to the overall rotation of the underlying molecular disk.
Indications for emission ∼ 10′′ towards the south, as well as to the
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north and to the west of the two nuclei were found in the low res-
olution CO (1−0) maps. Furthermore simulations of the merger in
Arp 220 were performed with the Identikit modeling tool. The model
parameters describing the galaxy merger best give a mass ratio of 1:2
and result in a merger of ∼ 6×108 yrs, which is in good agreement
with values from the literature, such as Mundell et al. (2001). Ap-
parently Arp 220 can be reckoned a very interesting case of merger
galaxy, where the object can be placed between a minor merger (from
the CO observations) in one extreme and an equal (1:1) merger (from
the simulations, CO data and published models in the literature) in
the other.
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4. HI in nearby low-luminosity QSO
host galaxies
4.1. Introduction
Molecular gas is the fuel for any activity process, whether it is in
the form of vigorous bursts of star formation or an intensively ac-
creting super massive central black hole. The study of its morphol-
ogy and kinematics is of key importance to understand the fueling
mechanisms that keep the activity alive over cosmologically signif-
icant time scales. As important as studying the ongoing activity
processes is studying the trigger that leads to it in the first place. It
is assumed that galaxy interaction thereby plays an important role,
initializing the transport of gas from the outer parts of the involved
galaxies into their centers and so igniting the starburst and/or AGN
activity. Sanders et al. (1988) already suggested early on that there
might be an evolutionary sequence between the onset of starburst and
AGN activity with starbursts as precursors for AGN. This hypoth-
esis is mainly based on the remarkable resemblance between lumi-
nous starburst galaxies (so called Ultra-Luminous-Infrared-Galaxies,
or ULIRGs) and galaxies with a pronounced AGN signature (so called
QSO host galaxies), such as their enormous amounts of molecular gas.
However, while ULIRGs often exhibit significant signs of galaxy in-
teraction, this is not necessarily true for QSO host galaxies. In fact,
optical studies of QSO host galaxies (e.g., Bahcall et al., 1997; Boyce
et al., 1998) find the majority to be rather morphologically normal
without any clear signs of a past or ongoing interaction, though∼50%
of their sample live with (projected) nearby companions. Much ef-
fort has been invested in studying the molecular gas emission in QSO
host galaxies (e.g., Scoville et al., 2003; Krips et al., 2006a,b; Bertram
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et al., 2007). Atomic hydrogen, on the other hand, tracing the cold
atomic gas, may be a much better indicator for galaxy interaction.
Only little is known so far on the atomic gas content in QSO host
galaxies. Lim & Ho (1999), Lim et al. (2001) and Ho et al. (2008a,b)
present one of the first studies of HI emission in nearby QSO host
galaxies. They find that while most of their observed sources show
signs of a past or ongoing tidal interaction, they do not yet physi-
cally merge with another galaxy. This is in contrast to the proposed
sequence by Sanders et al. (1988) in which QSOs are thought be
the merging or merged descendants of ULIRGs. In this chapter the
study of neutral atomic hydrogen in 27 nearby low-luminosity QSOs
is presented. The observations are part of an ongoing project aimed
at enhancing the statistics on nearby QSOs.
In Sect. 4.2 the sample selection is described, Sect. 4.3 reports on the
observations and data reduction. The description of the analysis, the
results of the Effelsberg and the VLA observations, and the conclu-
sions/discussion follow in Sect. 4.4, 4.5, 4.6 and 4.7.
Unless otherwise stated, H0 = 75 km s
−1 Mpc−1 and q0 = 0.5 are as-
sumed throughout the thesis.
4.2. The sample
The sample of type 1 QSOs described in this chapter of the thesis
is volume limited. As the sole selection criterion an upper redshift
limit of z < 0.06 was applied. This value has been set to ensure
the observability of the important diagnostic CO (2−0) rotation vi-
brational band head absorption line in the K-band. The sources
have been selected from the Hamburg / ESO survey of optically bright
QSOs (HES; Wisotzki et al., 2000). These 27 sources, with a dec-
lination δ >− 30◦ (by means of the observability from the Effels-
berg 100-m telescope), have been searched for CO emission with the
IRAM 30 m telescope on Pico Veleta (Spain) and SEST (Swedish
ESO-Submillimeter Telescope) on La Silla (Chile). 27 objects (Ta-
ble 4.1) were detected in 12CO(1−0) and 12CO(2−1) (see Bertram
et al., 2007). They feature recession velocities are in the range
2 500 km s−1 < v < 18 000 km s−1. Bertram et al. (2007) confirmed
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4. HI in nearby low-luminosity QSO host galaxies
that the majority of galaxies hosting low-luminosity QSOs are rich
in molecular gas. In 2007 and 2008 the HI subsample was searched
for 21 cm HI emission. This sample complements the study of Ho
et al. (2008a), but contrary to their sample, the sources from the HI
sample have positions further to the south.
A more detailed description of the ’nearby QSO sample’ can be found
in Bertram et al. (2007).
4.3. Observations and data reduction
The observations of the HI 21 cm (ν= 1420.40575 MHz) emission
line were carried out with the Effelsberg 100-m telescope in 2007 and
2008. The 18–21 cm (1.29–1.72 GHz) two-channel L-band HEMT
facility receiver was used as the frontend, in conjunction with the
8192-Channel-Autocorrelator (AK 90) and the Fast Fourier Trans-
form Spectrometer (FFTS) as backends. With bandwidths of 10 MHz
(AK 90) and 20 MHz (AK 90 + FFTS), centered on the redshifted rest
frame frequency for each galaxy, the observational data show velocity
ranges ∆v from ∼ 4 200 to ∼ 21 000 km s−1 and a velocity resolution
between 0.2577 and 2.061 km s−1, depending on the backend and
settings. The measurements were done in position-switching mode
with 5 minutes on and 5 minutes off the source positions, with an
off-position 45′ away. This provides the advantage of better baselines
and the reduction of atmospherical influences. The beam efficiency
was ∼ 1.15 for a beam size of 9.5′ at 21 cm. The on-source integration
times range between 30 and 90 minutes. Daily pointing checks were
performed using sources from the Effelsberg Catalog of pointing and
flux density calibration (Ott et al., 1994). As flux calibrators Holm-
berg I, NGC 4303, Sextans B and UGC 2345 (fluxes taken from Tifft
& Huchtmeier 1990 and from Springob et al. 2005) were used.
The Effelsberg 100-m telescope site is known for exhibiting low level
radio frequency interference (RFI) in the 21 cm band. However as
the RFI signals are situated well outside the range of the expected
central velocity or can be filtered out, these disturbances have no
influence on the observational results.
The data were reduced and analyzed with the CLASS package of
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Figure 4.1.: HI spectra of detected host galaxies from the ’nearby QSO sample’
observed with the Effelsberg 100-m telescope and optical DSS images of objects detected
in HI. The images in the middle extend over 2′ and the ones to the right contain 9.5′,
which is roughly the size of the beam at 21 cm. North is up and East to the left.
Each source is identified by its HES name (top left corner of the spectrum) and the
redshift (top right corner). The spectral resolution of the spectra in this figure range
from 0.3 km s−1 up to 32 km s−1. If regions in the spectrum are effected by RFI (Radio
Frequency Interference) and are not used for baseline-fitting and noise estimates, they
are set to zero intensity.
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Figure 4.1.: continued
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Figure 4.1.: continued
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IRAM’s GILDAS software. All spectra have been averaged, when
applicable. To obtain a better signal-to-noise ratio, most of the spec-
tra were Hanning smoothed. For data taken on different dates the
subscans of each observation were calibrated with respect to a suit-
able flux calibrator (see Fig. 4.1 and Table 4.1). Baselines were fit-
ted and subtracted from each subscan individually before resampling
and averaging of the spectra. Another baseline fit was performed
after the final resampling and averaging of all available data for the
source. All polynomial fits to the baselines have been of the order of
one. The intensity errors ∆I were determined following the proce-
dure from Bertram et al. (2007). The geometric average of the line
error ∆IL =σ vres
√
NL and the baseline error ∆IB =σ vresNL/
√
NB
were taken into account. σ is the rms noise in Jy, vres the spectral
resolution in km s−1, NL the number of channels over which the line
spreads and NB the number of channels used for fitting a polynomial
to the baseline.
4.4. Analysis
The galaxies observed during this survey do not form a complete
sample, but the results can still be used to improve the knowledge
about the population of nearby AGNs. In order to derive the atomic
neutral hydrogen gas mass MHI, the following formula (e.g., Shostak,
1978) was applied:
MHI = 2.36 × 105D2L
∫
Sν dvM. (4.1)
DL denotes the luminosity distance in Mpc and
∫
Sν dv the flux in-
tegral in Jy km s−1. For a comparison the dynamical mass was deter-
mined via
Mdyn =
v2HI r
G
M (4.2)
(vHI is the velocity width from which 90% of the HI line emission
arises and r is the estimated HI radius) under the assumption of a
disk geometry in virial equilibrium, which is appropriate for gas rich
objects. Since the size of the HI extension is not known the area
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of the sources was estimated from the DSS images (Fig. 4.1) by cir-
cular apertures. These apertures were centered on the nucleus of
each galaxy. The optical radius was taken as the value where the
counts of the galaxy emission in the DSS image were 3σ larger than
the background. This radius was multiplied by the factor for the
median rHI/ropt of 1.50 from Haan et al. (2008), and assuming a cir-
cular area. The area was then derived by A=pi r2 which in turn was
used for the determination of the dynamical mass. As expected the
values for Mdyn are up to two orders of magnitude larger than the
HI masses determined from the integrated intensity (Table 4.2). The
infrared luminosity was determined from the IRAS fluxes (12, 25,
60 and 100 µm fluxes were taken from the IRAS Faint Source Cata-
log, Moshir et al., 1990) and with the following formulae (Sanders &
Mirabel, 1996):
FIR = 1.8 × 10−14 (13.48 f12 + 5.16 f25 + 2.58 f60 + f100) W
m2
(4.3)
LIR = 4piD2L FIR L. (4.4)
These results are summarized in Table 4.2. Given are the integrated
line intensity IHI (column 3), the line width at half maximum inten-
sity W50 (col. 4), an estimate on the line shape (col. 5), the atomic
neutral hydrogen mass MHI (col. 6), the dynamical mass deduced
from the HI data (col. 7), the total hydrogen gas mass of the host
galaxy (col. 8), as well as the molecular to atomic gas mass fraction
(col. 9) and the infrared luminosity LIR (col. 10).
4.5. Results and discussion
In Fig. 4.1 the obtained HI spectra are shown together with the asso-
ciated DSS images of the region with a diameter of 2′ and 9.5′ around
the source position. The images should serve as a means to estimate
the source confusion. The spectrum of HE 1248–1356 is remarkable
in the sense that the velocity range 4 200–4 350 km/s shows strong
CO emission (see Bertram et al., 2007) but no HI emission. As this
source has a close companion (see the DSS images), it is possible
that the HI gas was partially more disturbed/stripped/disrupted, by
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the companion. This could cause the ’one-sidedness’ of the spectrum
indicating that the part of the host galaxy moving towards us has
less neutral atomic hydrogen than the one receding. Why wasn’t the
CO affected? It could just be that the disturbance was only affecting
the more outwards lying HI gas and not yet the molecular CO in
former times. Since then HI was converted into H2 (CO) and the
HI line in its present shape could be a remnant signature. The co-
ordinate labels of RA and DEC (J2000), as well as the flux in Jy
and the velocity in km s−1, are indicating the scales. Each source
name is denoted above the spectrum. The HI properties and results
are summarized in Table 4.2: Integrated line intensities cover a range
from 0.5 up to 7.6 Jy km s−1. The intensity upper limits and er-
rors for non-detections represent 3σ values. The line widths (W50)
are of the order of hundreds of km s−1. The sources HE 0232–0900
(W50 = 559 km s
−1) and HE 2302–0857 (W50 = 338 km s−1) are two
special cases: They both have extraordinary large line widths in CO
(FWZI: 597 km s−1 and 653 km s−1, from Bertram et al., 2007) and
HI emission. The HI line emission detected from HE 2302–0857 is
even more extraordinary when comparing the full width at zero in-
tensity (FWZI) of the HI line, with a width of 616 km s−1, which is
comparable to the line width (FWZI) in CO (∆vCO = 653 km s
−1),
although the galaxy is not seen edge-on. For HE 0232–0900, how-
ever, the HI line is narrower than the CO line. This indicates that
the outer regions of the galactic disk were stripped from HI, or are
simply depleted from the atomic gas component. As the DSS images
(Fig. 4.1) show a peculiar morphology of this object it is also possi-
ble that the current geometry is due to a previous interaction/merger
with another galaxy.
The total neutral hydrogen masses for the sample sources range be-
tween 1.1 and 37.5× 109 M, whereas the dynamical masses, that
represent upper HI mass limits, have values from 0.9× 1010 up to
1.3× 1012 M. Considering the upper limits for the non-detections
the median HI mass value changes to 11.4× 109 M. Taking this
number for the whole HI subsample into account, the atomic hydro-
gen mass is a factor of two higher for this works sample sources than
the HI mass of the Milky Way (MHI = 5.5× 109 M, see Hartmann
& Burton, 1997). Comparing the hydrogen mass for the QSOs in the
HI subsample to ULIRGs (109 to few 1010 M; Mirabel & Sanders,
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Figure 4.2.: HI mass as a function of infrared luminosity for the nearby QSOs.
Stars represent the sample from this work. Squares and triangles represent sources
taken from Ho et al. (2008a) for getting better statistics: squares represent the sources
from the Ho sample itself and triangles represent a literature sample assembled by Ho
et al. (2008a). Filled squares and triangles mark available values for LIR, whereas open
ones with arrows represent upper limits of LIR or MHI. Filled stars, for the sample from
this work, represent HI and CO detected sources and unfilled ones denote upper mass
limits for the CO but not HI detected sources. Arrows show upper limits for mass and
infrared luminosity.
1988; Lonsdale et al., 2006) gives rise to a mass ratio of 1:1.
Fig. 4.2 shows a plot of the atomic hydrogen mass versus infrared
luminosity containing sources from this work and the work of Ho
et al. (2008a). In comparison to Ho et al. (2008b) the work in this
thesis is focused more on the radio-IR properties, rather than the
optical HI relations. The position of the objects in this graph are in
good agreement with the work of Young et al. (1989) about infrared
bright galaxies: In general, galaxies with high IR luminosities have
high neutral atomic hydrogen masses. Although their work places an
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emphasis on even more nearby sources (DL = 36.3 Mpc), the mean
luminosity distance for the enlarged sample (this work + Ho et al.,
2008a) plotted here was 219.5 Mpc. The comparison of these results
shows no evolutionary effect in redshift due to MHI or LIR (see also
Table 4.3 and Haan et al., 2008). The comparison between the molec-
ular gas content (taken from Bertram et al., 2007) and the atomic
one results in a median fraction of L′CO/MHI = 0.06 for this work’s
sample (including the upper limits for the non-detections). Maiolino
et al. (1997) measured a value of 1.79 for their MH2/MHI ratio (for
galaxy types up to Sy 1.5). Since it was not sure whether Bertram
et al. (2007) and Maiolino et al. (1997) used the same CO-to-H2 con-
version factor, I simply compare the L′CO-to-MHI ratios. The median
L′CO/MHI value given by the data of Maiolino et al. (1997) results
in 0.14, which is about a factor of two higher than the value ob-
tained for the sample in this work. Since the median CO luminosity
L′CO is about the same in both samples, 5.55× 108 M for Maiolino
et al. (1997) and 5.40× 108 M (CO data taken from Bertram et al.,
2007), the galaxies in their sample are less rich in atomic hydrogen
than the ones in this study. In a more recent publication, Haan et al.
(2008) compiled a study of HI properties in AGN host galaxies taken
from the NUGA sample. These sources, which lie a step lower in red-
shift range (DL = 6.6 ... 53.9 Mpc, see Table 4.3), are compared with
the HI subsample. They find more ring structures and dynamically
disturbed HI disks in LINERs than in Seyfert host galaxies. Since
the HI subsample consists only of Seyfert galaxies, the results from
this work just account for part of the Haan sample.
The distribution of data points in Fig. 4.2 shows that the HI data
points sample an upper envelope of the MHI/LIR distribution. The
sources detected in HI emission are those that have the largest amount
of atomic hydrogen, compared to the molecular gas mass, in their
hosts. This could be an explanation for the lack of more HI detec-
tions in this work. Upper limits of the non-detected sources show,
that with deeper integrations, one would be able to correct for this
deficiency in the observations.
In Fig. 4.3 the HI and the CO intensities of the detected sources
in HI subsample are compared. Similar to Fig. 4.2 it is obvious from
Fig. 4.3 that the data points at hand sample an upper envelope of the
HI mass distribution. If only the certain HI detected sources from
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Figure 4.3.: HI flux vs. CO intensity (taken from Bertram et al., 2007). Crosses
mark the upper limits of HI non-detected sources. Filled circles represent the intensities
for detected sources. Each object is identified by a number, which is related to the source
name given in the figure legend.
this work are considered then a high HI mass is present almost in-
dependently of the molecular mass content. Remarkable about this
plot is that the two sources with the largest CO intensity values
(HE 0433–1028 and HE 1108–2813) are not detected in atomic hy-
drogen. This could mean that most of the available neutral atomic
gas was already converted to molecular gas, i.e. H2 (CO). The num-
ber of upper limits in the HI line strength is larger for galaxies with
low molecular gas content. This implies that a correlation may be
present, such that low molecular gas mass also implies a low atomic
gas mass. On a statistical basis, the HI detection fraction above
and below the median value of the molecular gas masses (taken from
Bertram et al., 2007) could give a hint for the confidence limit of
this trend in this chapters sample. The median value results in
MH2 = 2.10× 109 M. Then the distribution of the HI masses of
the sources above and below the median of the molecular gas mass
was studied. The median HI mass above the median molecular gas
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mass is MHI =
(
9.24± 4.84)× 109 M and the median HI mass be-
low the median molecular gas mass is MHI =
(
2.22± 0.56)× 109 M.
These calculations do not take the non-detections into account. The
estimated values for the error bars are defined by determining the
median deviation from the median values of the HI masses. Taking
these error bars into account, I find that the sources above the me-
dian molecular mass also have the larger HI masses, the sources below
the median molecular gas mass have lower HI masses. Within the
error bars the two populations of HI detected sources do not overlap.
Nonetheless the HI subsample is very small and hence not suitable
for making statistically significant statements.
4.5.1. Source confusion
The possibility of source confusion can not be excluded (see Fig. 4.1).
The half power beam width (HPBW) at 21 cm is 9.5′. Since the
whole beam lobe is (reduced) sensitive for radio signals out to twice
the primary beam diameter, an HI rich galaxy at, the appropriate
redshift, can cause disturbances out to angular distances of up to 18′.
Asymmetries in the line profiles could possibly indicate the presence
of companions or phases of merging that influence the host galaxies.
One help to shed light on this matter may also be provided by the
DSS images (see Fig. 4.1). Indications for interactions or compan-
ions can be looked for within a field of view representing the 9.5′
Effelsberg beam size. An outstanding example for this circumstance
is the source HE 0150–0344. Its HI spectrum shows two emission
lines close in velocity. In the DSS image the source shows an elon-
gated structure with two peaks, indicating two very close by sources.
Due to the large Effelsberg beam it is not possible to distinguish
between the objects. Due to the close proximity of the sources in-
terferometrical data would be needed to achieve the differentiation.
Source confusion has a strong influence on the line shape, as well as
on the line width, as mentioned earlier. Two objects, which exhibit
emission at the observed frequency, close in redshift, hence also in
recession velocity would cause a broadening of the studied emission
line (always under the assumption that the two objects are galaxies).
Therefore the target source would feature a much broader line width
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than it shows in reality (see Fig. 4.1, HE 0150–0344). This would then
cause wrong numbers for the observed intensity and the resulting gas
mass. Cross-checking with other observational tools, for e.g., optical
images, is therefore essential to get the right results. Higher reso-
lution spectroscopic observations would provide the actual redshift
of the sources within the beam. This would enable the observer to
differentiate between the objects in the given field of view.
4.5.2. Morphology
A comparison of the shape of the spectra shows good agreement
between line shape and associated morphology in e.g., the optical
(Fig. 4.1, Table 4.1, Table 4.2): For 11 of the 12 detected sources (the
exception is HE 1248–1356) it was found that the morphology from
the optical DSS images and the line shape determined from the HI
spectra are the same. But one has to remark that the asymmetry
of the line shape in some of the spectra makes it difficult to achieve
an accurate differentiation. From the optical DSS images (Fig. 4.1)
a spiral morphology was found in 15 (55%) host galaxies, elliptical
morphology in 11 (41%) host galaxies and a ring morphology in 1
(4%) host galaxy. In 33% of the sources the HI spectra show trian-
gular shaped line profiles, that is expected for turbulent line-of-sight
dispersion (as in elliptical galaxies), and 67% have boxy or double-
horn shaped line profiles, which is an indicator for emission from
an inclined, rotating disk (as in spirals). In comparison Haan et al.
(2008) find that 44% of the sources in their AGN sample are of spiral
morphology, 28% are centrally peaked, 22% ringed and 5% of their
host galaxies show a warped geometry. This hints at a preference
for spirals in terms of morphological properties of QSO host galaxies.
In their Seyfert subsample a slight excess of galaxies with a spiral
geometry is evident.
In 1980 Dressler discovered a morphology-density (T -Σ) relation for
galaxies: The fraction of elliptical like (E + S0) galaxies increases
strongly with increasing local galaxy density, whereas the numbers
of spiral galaxies decrease (see e.g., Table 1 in Pimbblet, 2003). In
good agreement with further studies of this relationship, he also de-
rives values for different environments: from galaxies in the field over
71
4. HI in nearby low-luminosity QSO host galaxies
poor and rich groups to clusters. Furthermore Dressler et al. (1997)
report a redshift evolution in the T -Σ relation: an additional in-
crease of the fraction of S0 galaxies with redshift whilst the number
of elliptical galaxies stays nearly constant. The distribution of spiral,
elliptical (E) and lenticular (S0) galaxies in the HI data is comparable
to the numbers for field galaxies or poor groups. Dressler et al. (1985)
expand the statistical studies of clusters by also looking at emission
line galaxies. They find a much higher emission line frequency in
field galaxies than in cluster galaxies. AGN occur at a rate of ∼ 5%
in field galaxies whereas in clusters only ∼ 1% of the galaxies harbor
an AGN. Martini et al. (2006) searched for low-luminosity AGN in
low redshift clusters. They determined an AGN fraction of ∼ 5%,
in clusters arguing that through X-ray emission more AGN towards
lower luminosities can be identified. They concluded that if the AGN
fraction in the field is indeed 5 times the AGN cluster fraction they
would identify ∼ 25% of the field galaxy population to show charac-
teristics of AGN. On the other hand, Popesso & Biviano (2006) find
an average AGN fraction of 18% in clusters. They, too, argue that
their estimate includes low-luminosity AGN, probably missed in pre-
vious studies. Scaling the T -Σ relation from Dressler (1980) to AGN
this would, by a strong simplification, mean that most AGN in the
sample at hand reside in host galaxies of spiral morphological type,
whereas in clusters the fraction of AGN in elliptical and lenticular
hosts would increase significantly.
For analytical purposes an estimate for the compactness of gas con-
fined to the host galaxies within the HI subsample by the derivation
of the fraction of the CO line width to the HI line width is introduced
as follows:
compactnessf =
v90 (CO)
v90 (HI)
. (4.5)
v90 is the velocity width from which 90% of the emission arises. The
values for the compactness are shown in Table 4.2. It was assumed
that HI is found all over the place. If CO is mostly limited to the
central inner region, filling the flat part of the rotation curve, f will
be smaller than 1. For f = 1 the line widths in both emission lines
should be equally large. Galaxies with compactness factors f > 1
have broader line widths in CO than in HI. As a large fraction of
objects shows companions or signs of interactions, f may be used as
72
4.5. Results and discussion
Figure 4.4.: Infrared luminosity LIR vs. compactness f. Filled circles represent the
HI detected sources from this work, unfilled ones with arrows mark upper limits of their
infrared luminosities. Each detected object from this work is identified by a number,
which is related to the source name given in the figure legend.
an additional indicator for dynamical peculiarities (due to merging
or disturbance). But as the beam size for the 21 cm observations
was very large, other galaxies within the beam size contribute to the
detected emission. Here the exceptional host galaxies HE 0232–0900
and HE 2302–0857, with their very broad emission lines at 21 cm
have to be mentioned again. No clear trend could be seen in Fig. 4.4,
where the IR luminosity vs. the compactness is shown. All sources
from Haan et al. (2008) have compactness factors close to one, ex-
cept for NGC 5953 and NGC 4321, which show factors f < 1 (Ta-
ble 4.3). Usually a compactness factor close to one is expected as
the CO distribution normally reaches the maximal rotation veloc-
ity. In this sense the considered sample is exceptional. For example
the sources HE 0045–2145, HE 0224–2834, HE 0949–0122, HE 1248–
1356 and HE 2302–0857 exhibit compactness factors strongly differ-
ing from a value of f = 1. But as the fraction of objects with compan-
ions and/or indications for mergers or interactions is extraordinary
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high in this source sample a compactness of f < 1, together with
the line shape, may also provide early hints for distortions in the
outer regions of the host galaxies. The best example for this issue is
HE 0224–2834. The small compactness of 0.3 means that the atomic
gas is much more extended than the molecular gas. The asymmetry
in the shape of the HI line could imply that there are distortions in the
outer HI disk. The comparison to the optical DSS images shows that
indeed, HE 0224–2834 has a close companion and it shows morpho-
logical signs of interaction. The same holds true for HE 0045–2145:
Its line shape is asymmetrical, the compactness factor is only 0.6
and in the DSS images there is another galaxy close by. Hence the
HI distribution can serve as an early indicator for interactions. The
compactness for objects with spiral features seems to be lower (the
CO emitting regions have a smaller extension than HI emitting ones)
as they have a larger outspread than the ones showing an elliptical
geometry.
Figure 4.5.: Blue magnitude MB vs. rotation velocity vrot. The median value is
plotted as an empty star. The dashed lines show functions for the Tully-Fisher relation
from the literature (Scho¨niger & Sofue, 1997; Sakai et al., 2000; Ziegler et al., 2002).
Each object is identified with its name given in the figure legend.
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As another analytical tool the surface mass density was used:
Σ =
MHI
area
[
M pc−2
]
. (4.6)
The area of the sources again was estimated from the DSS images
(Fig. 4.1, see section 4.4 again for the description of the area ex-
traction process). The sample sources show areas between 55 and
76 000′′2 resulting in Σ values of 1.0 up to 434 M pc−2. The median
surface mass density, not taking the non-detections into account, is
of the order of 20.1 M pc−2, which is a factor of two lower compared
to the value estimated for the Milky Way (50–75 M pc−2, Romano
et al., 2000). The data from Haan et al. (2008) however result in an
even lower average surface mass density of 1.77 M pc−2. Here the
assumption of circular morphology leads to an overestimation of the
area: Here the maximum HI radius was used and the assumption of a
circular morphology of the host galaxy was made. Since the galaxies
usually are not circular but more elliptical or exhibit other structures
an assumption of the morphology was imprecise. This leads to signif-
icantly smaller surface mass densities for the sources than expected.
In Fig. 4.5, blue magnitude values Mb are plotted vs. the rotation
velocity vrot. This plot of the Tully-Fisher relation allows to test the
quality of the FWHM values (W50) for the emission lines. No severe
outliers are seen that could not be explained as a consequence of the
inclination. As the inclinations for the sources in this sample are
not defined, only a range of rotation velocities can be assumed. By
inserting graphs for the Tully-Fisher relation from literature sources
(see e.g., Sakai et al., 2000; Ziegler et al., 2002), it can be estimated
where the HI detected host galaxies from this sample should be found
in the graph. Since the majority of the 45◦ points as well as the value
for the median are located to the left of the literature Tully-Fisher
functions, the objects from the HI subsample should feature lower
inclination angles of about 30◦, which is in good agreement with the
assumption of a nearly face on inclination for low luminosity AGN.
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Figure 4.6.: IRAS color-color diagram according to Helou (1986). The underlying
model was taken from Desert (1986). Filled circles show HI detected sources from this
work, unfilled ones mark HI non-detected sources with available IRAS fluxes. Arrows
are indicators for upper limits. Each object is identified by a number, which is related
to the source name given in the figure legend. The locations of the HI sample sources in
the plot show that almost all of them are starburst dominated hosts, showing high dust
temperatures (sources to the upper left). The galaxies to the lower right of the plot have
colors that are often found for elliptical galaxies. The two sources HE 0150–0344 and
HE 0212–0059 are such objects. These objects are dominated by the 100 µm emission,
implying lower dust temperatures.
4.5.3. IRAS color-color diagram
Figure 4.6 represents an IRAS color-color diagram of the sources from
this sample after Helou (1986), overlaid with the computations of
Desert (1986). The HI subsample sources fit well into the model by
Desert (1986). The location of the HI observed sources in the IRAS
color-color plot shows that almost all of them exhibit signs which are
typical for starburst dominated hosts that have elevated dust tem-
peratures (sources to the upper left) i.e. show bright 60 µm emission
compared to their 100 µm emission, and show faint 12 µm emission
compared to their 25 µm emission. The far-IR color is particularly
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sensitive to foreground Galactic ’cirrus’ emission, which can cause
artificially small values of fν(60)/fν(100). Only 2 objects (HE 0150–
0344, HE 0212–0059) are dominated by the 100 µm emission implying
lower dust temperatures. They have colors that are often found for
elliptical galaxies. A visual inspection of their images shows that
an identification with an elliptical host is plausible. Objects to the
upper left of this plot are thought to be starburst galaxies.
4.5.4. Statistical considerations
4.5.4.1. Kendall-τ test
The Kendall-τ test provides a measure to determine the statisti-
cal significance of a statement obtained from a data set. It is the
best, non-parametric method for testing for a correlation between
two quantities with limits. The Kendall-τ test was used in order to
do a ’proper’ statistical test for a correlation between the atomic and
molecular gas intensities.
The goal is to derive the value for τ from n data points (xi, yi).
1
2
n(n−1) pairs of these data points are tested for a correlation be-
tween the rankings x and y. A pair of data points is called concordant
if, for both ni x and y show the same trend (i.e., x1>x2 and y1>y2).
A pair of data points is called discordant if, for the ni x and y show
a different behavior (i.e., x1>x2 but y1<y2). In the case of x1 =x2
the pair is called ty. If y1 = y2 the pair is called tx. The results for
all pairs of HI and CO intensities are shown in Table 4.4. Taking
all these variables into account, τ can be derived with the following
formula:
τ =
nc − nd√
nc + nd + ty
√
nc + nd + tx
(4.7)
nc is the number of concordant pairs, nd is the number of discordant
pairs, tx is the number of pairs where the x values are identical and
ty is the number of pairs where the y values are identic. For τ = + 1
the agreement between the two rankings, xi and yi, is perfect. If τ = -
1 the disagreement between the two rankings, xi and yi, is perfect.
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For τ values between -1 and +1 all other arrangements are repre-
sented. Increasing values imply an increasing agreement between the
rankings. In the case of a total non-correlation (complete indepen-
dence) between the rankings x and y (average for τ is 0), τ is an
approximately normal distributed variable. Hence the variance sτ is
expressed as follows:
sτ =
4n+ 10
9n(n− 1) . (4.8)
The τ derived for the test on a correlation between the HI and CO
intensities, in the HI subsample, resulted in a value of τ ∼−0.09 with
a variance sτ of ∼ 0.05. Hence, the Kendall-τ test shows that there
is no correlation between the HI and CO intensities. But since the
size of the sample is very small and therefore not at all statistically
significant, a larger number of this kind of sources has to be observed
in HI and CO emission.
Table 4.4.: Kendall-τ test parameter overview
1 2 3 4 5 6 7 8 9 10 11 12
HE 0045–2145 (1) – da c d d c d c d c d c
HE 0150–0344 (2) – – d c c d c d c d c d
HE 0212–0059 (3) – – – d d c d c d c d c
HE 0224–2834 (4) – – – – c d c d c d c d
HE 0227–0913 (5) – – – – – d c d c d c d
HE 0232–0900 (6) – – – – – – d c d c d c
HE 0949–0122 (7) – – – – – – – d c d c d
HE 1029–1831 (8) – – – – – – – – d c d c
HE 1237–0504 (9) – – – – – – – – – d c d
HE 1248–1356 (10) – – – – – – – – – – d c
HE 1330–1013 (11) – – – – – – – – – – – d
HE 2302–0857 (12) – – – – – – – – – – – –
a A ’c’ (for concordant) indicates that the HI and the CO intensity values follow the
same trend for both observed objects, e.g. HE 0045–2145 and HE 0212–0059: For
both sources their HI intensities have lower values than their CO intensities; ’d’
indicates a disagreement.
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4.6. Follow-up VLA observations
4.6.1. Observations and data reduction
In addition to the single dish 21 cm observations with the 100 m tele-
scope in Effelsberg, VLA observations for two of the sample sources,
HE 1248–1356, HE 1330–1013, were carried out in March 2008 at the
same wavelength. The data were taken in the C configuration at an
angular resolution of 13′′ and a primary beam size of 30′. The 20 cm
L-band receiver was used as the frontend, in conjunction with the
VLA correlator as the backend. The correlator was used in spec-
tral line mode with one IF (intermediate frequency) channel, 128
data channels, a bandwidth of 6.25 MHz and a channel separation
of 48.828 kHz. The observations were centered on the redshifted
rest frame frequency for each galaxy. The total integration time per
source amounted to 6 hrs of which 3 hrs were spent on source. The
data were reduced, imaged and analyzed with AIPS and IRAM’s
GILDAS software.
4.6.2. Results
Since at the time of the deadline for the VLA proposal only two of
the sources of the whole HI subsample were detected successfully,
only data for those two sources, HE 1246–1356 and HE 1330–1013,
are available up to now. The HI continuum and line emission emis-
sion maps for HE 1246–1356 are presented in Fig. 4.7. The map shows
that the HI emission measured with the 100 m Effelsberg telescope is
indeed coming from the position of HE 1248–1356. The value for the
neutral atomic gas mass determined from the interferometric map
results in ∼ 1.0×109 M, which is in good agreement with the value
determined from the HI single-dish observations.
For HE 1330–1013 no 21 cm HI line emission could be found at the
position of the QSO. The HI emission detected with the telescope in
Effelsberg seems to originate from another source within the primary
beam size (30′) of the VLA. The only properties known so far for
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Figure 4.7.: Left: Continuum map (3σ contour steps starting at the 3σ level).
Right: HI map (2 and 1σ contour steps for the line emission, starting at the 2σ
level, and the red- and blueshifted gas, starting at the 3σ level). The cross marks the
position pointed at in the observations. The red and blue contours represent the red
and blueshifted HI gas.
this source, NVSS J133205–101949 (with a RA(J2000) of 13:32:05.0
and a DEC(J2000) of -10:19:49.7), are its position from the NVSS
catalog (N RAO V LA Sky Survey Condon et al., 1998) and the in-
tensity of the source in the NVSS continuum observations at 20 cm
(49.1±2.3 mJy at 1.4 GHz). Most likely, the HI emission line de-
tected in Effelsberg was inserted via the side lobes of the telescope’s
power diagram.
4.7. Conclusions
In this chapter of the thesis the results on the neutral atomic gas con-
tent of 27 nearby low-luminosity QSO host galaxies were presented.
12 of the target sources were detected in HI emission. The atomic gas
masses cover a range from 1.1× 109 M up to 3.8× 1010 M with
a median mass of the order of 6.2× 109 M. Considering the upper
limits for non-detections this value changes to 11.4× 109 M. Tak-
ing this median HI mass for the whole HI subsample into account, the
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atomic hydrogen mass is a factor of two higher for this works sample
sources than the HI mass of the Milky Way (MHI = 5.5× 109 M, see
Hartmann & Burton, 1997). Though it is not possible to discuss the
nature of the objects without high resolution imaging in more detail,
it was possible to draw some interesting conclusions with the help of
the profiles of the HI spectra and optical DSS images. For several
galaxies, possible companions in the vicinity were found, as well as
indications for merger / interactions. No distinct correlation between
the IR luminosity of a galaxy and its HI gas content was seen. In
general galaxies with high IR luminosities have high neutral atomic
hydrogen masses. The compactness for objects with spiral features
seems to be lower (the CO emitting regions have a smaller extension
than HI emitting ones) as they have a larger outspread than the ones
showing an elliptical geometry. Only for the sources from the sample
at hand there are CO and HI measurements done for the sample to-
gether. For other samples, like e.g., for the Haan et al. sample, there
exist CO measurements with different telecopes/techniques in the lit-
erature by separate authors. To my knowledge an estimated number
of about ∼ 50 sources have HI and CO data taken. Therefore the
HI subsample contributes to the, currently, rather small contingency
of hosts with atomic and molecular masses. The observed median
surface mass density is about a factor two lower than the values for
the Milky Way (50–75 M pc−2). From the Tully-Fisher relation it
was deduced that a median inclination of ∼ 30◦is in good agreement
with the assumption of nearly face-on morphology. Interferometrical
data through follow-up observations for two out of the twelve HI de-
tected sources have been obtained. For the other ten sources these
follow-up observations are in planning.
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5. A search for H2O maser emission
in nearby low-luminosity QSO
host galaxies
5.1. Introduction
Water vapor masers are excellent tracers of physical conditions, such
as temperature (Tkin> 400 K) and density (n(H2)> 10
7 cm−3) of the
molecular gas, in the highly obscured innermost parts of active galac-
tic nuclei. Extragalactic water masers with isotropic luminosities
LH2O> 10 L are classified as megamasers. But since the apparent
luminosity is derived under the assumption of isotropic emission, the
true luminosity may be smaller by several orders of magnitude (see
e.g., the recent review by Lo, 2005). Henkel et al. (2005) found a
transition near LH2O = 10 L between weaker masers mostly related
to star formation and stronger masers associated with active galactic
nuclei. Furthermore, they found a correlation between the luminosity
in the infrared and the total isotropic water maser luminosity.
Towards Seyfert and LINER galaxies, H2O megamasers are used to
probe the small scale structure and kinematics of accretion disks or
tori, to obtain the masses of the central engines through a determina-
tion of Keplerian rotation, and to derive geometric distances to the
parent galaxies (e.g., Miyoshi et al., 1995; Herrnstein et al., 1999).
Complementing these so-called disk-masers are the jet-masers, which
are either arising from the interaction of the nuclear jet with an en-
croaching molecular cloud, or from a cloud being accidently located
along the line-of-sight to the jet. In one source, Circinus, a nuclear
outflow-maser was also detected. To date, H2O vapor megamasers
are found in 10% of observed AGNs in the local universe (Braatz
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et al., 2004). They are almost exclusively found in Seyfert 2 and
LINER type galaxies (Braatz et al., 1997; Kondratko et al., 2006b),
i.e. mostly in spirals. This can be interpreted in terms of the uni-
fied scheme, indicating that in Seyfert 2 galaxies the nuclear disk is
seen roughly edge-on, and that LINER galaxies are also hosting an
AGN. Because the nuclear disks of spirals are not aligned with the
large scale morphology of the parent galaxy, a convincing correlation
between the inclination of the large scale disks and the presence of
megamasers is not apparent.
The first quasar discovered to emit water megamaser emission at
22 GHz, (J080430.99+360718.1, Barvainis & Antonucci, 2005), was
classified as a type 2 quasar. The fact that the second H2O mega-
maser emitting quasar is a type 1 quasar (MG J0414+0534, Impel-
lizzeri et al., 2008) brings the (statistically non-significant) detection
ratio for quasars to 1:1. Since QSOs have more massive cores than
Seyfert galaxies, the chance to find maser emission in type 1 or type
2 quasars could totally differ from what is known for Seyfert galax-
ies. So the question is: Could the detection by Impellizzeri et al.
(2008) just be a serendipitous one, or could this detection of water
megamaser emission in a type 1 quasar be trend-setting for the local
universe? In order to find an answer to this question, the sample
at hand was searched for water masers in southernly nearby low-
luminosity QSO host galaxies. In Sect. 5.2 the sample is described,
Sect. 5.3 is devoted to the characterization of the observations and
Sect. 5.4 comprises the results and discussion. Sect. 5.5 gives a short
summary.
5.2. The sample
As a continuation of the study of low-luminosity nearby QSO host
galaxies, sources from the same volume limited parent sample as
in Chapter 4 were observed. Now, in this chapter of the thesis the
17 most luminous, at infrared wavelengths, sources of the original
CO subsample (Table. 1), were observed in the 22.235 GHz H2O
vapor maser transition. They feature recession velocities ranging
from 7 900 km s−1 to 18 200 km s−1. In addition to the 17 nearby
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QSO hosts, two galactic sources, known to show water maser emis-
sion, were observed as ’control sources’ and calibrators: W3(OH) and
Orion–KL.
5.3. Observations and data reduction
The observations were carried out in the 616–523 22.235 GHz H2O
maser transition on 27 and 28 November 2007 using the Effelsberg
100-m telescope. The 18 – 26 GHz two-channel K-band HEMT fa-
cility receiver was used as the frontend in conjunction with a 8 192-
Channel-Autocorrelator (AK 90) and a Fast Fourier Transform Spec-
trometer (FFTS) as backends. The latter provided a bandwidth of
500 MHz with a channel width of ∼ 0.4 km s−1, thus covering a veloc-
ity range of approximately 7 150 km s−1. The AK90 in NSPLIT mode
25 consisted of eight channel backends with a somewhat broader
channel width of ∼ 1 km s−1 and an individual bandwidth of 40 MHz.
Some of the eight backends were shifted in frequency to cover alto-
gether a total bandwidth of 80 MHz. The FFTS was used in the load
switching mode, employing the rotating horn of the 1.3 cm primary
focus receiver that guarantees excellent baselines, with 3 minutes
on and 3 minutes off the source positions. The rotating horn was
switched between two fixed positions with a frequency of 1 Hz and
a beam throw of 120′′. The beam efficiency was ∼ 0.53 for a beam
size of 40.2′′. Pointing checks, using sources from the Effelsberg Cat-
alog of pointing and flux density calibration (Ott et al., 1994), were
used at least once every hour. For the flux calibration the continuum
cross scans of NGC 7027 were used. NGC 7027 has a continuum flux
density of 5.9 Jy (taken from Baars et al., 1977; Mauersberger et al.,
1987).
Data reduction and analysis were performed using the GILDAS CLASS
package. If applicable all spectra have been averaged. To all spectra
a baseline has been fitted, which was subtracted subsequently. In
addition, each subscan was corrected for the elevation dependency of
the gain individually. The intensity errors ∆I (see Table 5.1 for the
results) were determined following the procedure from Bertram et al.
(2007). The geometric average of the line error ∆IL =σ vres
√
NL and
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the baseline error ∆IB =σ vresNL/
√
NB were taken into account. σ
is the rms noise in Jy, vres the spectral resolution in km s
−1, NL the
number of channels over which the line spreads and NB the number
of channels used for fitting a polynomial to the baseline.
5.4. Results/Discussion
The observation of 17 objects in the water maser subsample of low-
luminosity QSO host galaxies resulted in no H2O detections at indi-
vidual 3σ levels of 27 up to 60 mJy (Table 1, Appendix A). Smoothing
the data in order to obtain a better signal-to-noise ratio didn’t im-
prove the situation.
To prove that the method, applied for the observations, worked, two
known galactic maser sources, namely Orion–KL and W3(OH) (see
Table 5.1), were observed. W3(OH) was primarily chosen as a source
for the flux calibration. The observed spectrum for Orion–KL is
shown in Fig. 5.1.
Following the procedure of Goldsmith et al. (2008) it was assumed
that all host galaxies do exhibit H2O megamaser emission at a weak
level. To allow for different maser emission velocities in different
sources, the following procedure was adopted. At first a section of
the spectrum, around the velocity of the CO emission, was selected
for each host. As the offset between the central velocity and the in-
dividual components of the megamaser emission can easily be about
several hundreds of km s−1 (for examples see e.g., Kondratko et al.,
2006a; Greenhill, 2007; Braatz & Gugliucci, 2008), the whole spec-
trum was taken into account. Each spectrum is then cross-correlated
with a Gaussian whose width represents the expected line width
of the maser emission. In the case of a well-known line width of
the megamaser emission each spectrum would then be shifted by
the offset between the central channel and the channel of maximum
cross-correlation amplitude. To achieve the adjustment to the same
velocity offset for all sources the reference channel of the central ve-
locity (formerly defined by the heliocentric velocity of the observed
galaxy) in each spectrum has been artificially set to zero. Follow-
ing this procedure, the shifted data for all observed sources were
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added together. The described procedure will create a line feature
resembling the correlation template (a Gaussian signal in this case)
from the constructive alignment of purely random noise. But since
the line width of water megamasers can differ between few km s−1
(NGC 520: FWHM = 1.1 km s−1; Castangia et al., 2008) over several
tens (NGC 2989: FWZI = 30 km s−1; Braatz & Gugliucci, 2008) up to
even some hundred km s−1 (UGC 3193: FWZI∼ 350 km s−1; Braatz
& Gugliucci, 2008) I decided to do a study of the cross-correlation
parameters first.
Each spectrum was correlated with several Gaussian profiles. The
line widths of the Gaussians range from the value of the spectral res-
olution for each individual spectrum up to 2 000 km s−1. From the
cross-correlation the correlation factor and the lag between the peak
positions of the Gaussian and the spectrum itself were derived. In
order to compare the so gained values to sources known to exhibit
maser emission, a correlation on the two galactic objects Orion–KL
and W3(OH) was performed. For a plot of the results on Orion–KL
see Fig. 5.1. As a representative member of the QSO hosts see the
plot on the results of the cross-correlation on HE 0119–0118 (Fig. 5.1).
In Fig. 5.1 the correlation factor clearly peaks at a FWHM/2.35 of
5.35 km s−1 which corresponds to a FWHM of 12.60 km s−1 of the
Gaussian profile. The lag is the number of channels by which the ve-
locity corresponding to the central reference channel has to be shifted
left or right in order to match the reference channel to the channel of
maximum cross-correlation amplitude. As the correlation coefficient
for Orion–KL has a maximum (0.856) at a lag of −18 channels the
Gaussian has to be shifted by 18 channels to the right hand side of
the velocity reference channel in the spectrum to get the maximum
agreement between Gaussian profile and spectrum.
Correlation factor and lag position in Fig. 5.1 however show a dif-
ferent behavior. The curve for the correlation factor peaks at three
different FWHM. Furthermore the factor ranges between factors of
only 0.02 and 0.07 indicating the absence of a correlation. Beyond
that the lag position oscillates between shifts of −7 000 and +5 000
channels. The same behavior can be seen in the plots for the cross-
correlation of the other QSO host galaxies (see Appendix A).
Although the procedure of the cross-correlation described above could
be a measure to distinguish between detections and non-detections, it
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has some caveats. First of all, the analysis of data with this method
may only be appropriate for observations with a good signal-to-noise
ratio. Secondly, the FWHM of the line should be known up to some
extent. Furthermore one should always keep an eye on the correla-
tion factor and the development of the lag. Too small correlation
factors are not trustable in terms of the confirmation of a possible
detection. If the spread of the lag oscillation grows too wide (see
e.g., Fig. 5.1) the central line position is not stable, hence indicating
either several line components or signals from random noise or radio
frequency interference.
5.4.1. Sensitivity
As Bennert et al. (2009) already pointed out, surveys for H2O mega-
maser emission put high requirements on the conditions during the
observations. Since the water emission is usually very weak ( 1 Jy),
a high sensitivity is required. The widths of maser lines can be of
the order of km s−1, or even below (≤ 1 km s−1), but also of the order
of hundreds of km s−1 (e.g., UGC 3193; Braatz & Gugliucci, 2008).
This factor makes a high spectral resolution during the observations
a prerequisite. Since the offset between the central velocity of the
observed object and the individual components of the megamaser
emission can easily be separated by about several hundreds of km s−1,
the bandwidth is another delimiting factor which plays a big role in
the observations of water megamaser emission lines. Additionally,
the unknown radial velocities of the maser components make a large
bandwidth inalienable. With the velocity coverage of ∼ 7 200 km s−1
enough band width (effective 420 MHz with the FFTS) was provided
for the observations to cover a large velocity range in order not to
miss red- or blue-shifted maser components.
No trend could be seen for one prominent FWHM for the Gaussian
line profiles in the cross-correlation plots. Hence, the lag shifts were
not executed but rather all spectra were simply added together, after
the resampling to the same spectral resolution. This assumes that
the emission occurs at the same velocity offset with respect to the
velocity of the central channel in any given spectrum. The resulting
resampled and averaged spectrum is shown in Fig. 5.2.
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Figure 5.2.: Smoothed spectrum of the resampled and averaged observations of all
nearby QSO host galaxies. Before averaging, the spectra were resampled to the same
velocity resolution of 0.4367 km s−1 and the central velocities were shifted to zero. The
channel spacing of the displayed spectrum is ∼ 14 km s−1. For the averaging process
the spectrum of each observed source was weighted equally.
The limits on the maser intensity were determined under the assump-
tion of a FWZI (full width at zero intensity) of 350 km s−1, which
is one of the values for the broadest water maser lines (UGC 3193;
Braatz & Gugliucci, 2008). For the H2O subsample sources an av-
erage rms noise value of 12 mJy was obtained. In comparison to
this, values for samples in the literature were looked at where water
megamaser have been detected. Braatz et al. (1996) state a sensi-
tivity of 60 mJy in ∼ 1 km s−1 channels. Greenhill et al. (2003) and
Kondratko et al. (2006b) observed at a rms of 14 mJy in 1.3 km s−1
channels. In 2006, Kondratko et al. published a second paper stating
an average rms noise in a 24.4 kHz channel of 4.6 mJy. Braatz &
Gugliucci (2008) and Castangia et al. (2008) published their obser-
vations with rms noise levels of 6 mJy per 0.33 km s−1 channel and
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an average rms of 14.33 mJy. In this timely order of observations
throughout the years there is the clear tendency that the sensitivity
increases with time significantly. The average rms value of 12 mJy
is placed well within the range of sensitivities where detections in
theory should be possible.
In order to get a handle on the upper limit of the emission from the
observed frequencies at 22 GHz, the 3σ-over-N value for the resam-
pled spectrum was determined for 13 different velocity resolutions
(Fig. 5.3). σ is the channel-to-channel rms noise and N is the num-
ber of host galaxies observed in the H2O subsample. Fig. 5.3 shows
that with growing channel width the 3σ/N value goes down, which
means that by accumulating signal through the binning of several
channels the signal-to-noise ratio increases. Since in this chapter of
the thesis only non-detections of H2O megamaser emission are re-
ported, this plot is used as a measure to get an estimation of a mean
upper limit of the emission in each sample galaxy.
Figure 5.3.: 3σ-over-N (number of observed sources in the sample) as a function
of the spatial resolution serving as a mean upper limit of the emission in each galaxy.
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5.4.2. Host galaxy properties
16 of the 17 observed sources were detected in molecular gas emis-
sion (CO(2−1) & CO(1−0), Bertram et al., 2007). In addition, five
of the CO detected sources which were searched for H2O megamaser
emission have been detected previously in 21 cm HI line emission
(Chap. 4). Fig 5.4 shows the neutral atomic HI gas mass MHI (val-
ues from Chap. 4) and the molecular gas mass MH2 derived from CO
observations (values from Bertram et al., 2007). It is surprising to
see that for 14 of the 16 nearby QSO hosts with the highest lumi-
nosities in the IR, the HI mass is larger than the molecular gas mass.
Nonetheless, this seems to be only a ’local’ trend in this sample. To
achieve statistical significance on this subject the sample considered
is too small.
Figure 5.4.: Comparison of the atomic and molecular gas masses of the sources
searched for water maser emission. Values for HI masses are depicted by black circles,
red circles represent the H2 masses derived from CO observations.
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5.4.3. Morphology
In 78 galaxies of different types, water megamasers have been de-
tected so far (Bennert et al., 2009). The water megamaser observed
at the highest redshift was detected in MG J0414+0534 at z = 2.639
(Impellizzeri et al., 2008). The largest part in the population of mas-
ing galaxies is made up by Seyfert types (78%). 11% are LINERs
(low ionization nuclear emission regions) and 7% are HII galaxies.
The smallest percentage of galaxies showing water megamaser sig-
natures are starburst galaxies (3%) and NLRGs (narrow-line radio
galaxies). Although Seyfert galaxies present the majority of maser
galaxies only 3% are Seyfert 1s, whereas Seyfert 2s are the dominant
type (88%). In Quasars H2O megamaser emission was already de-
tected not only in a type 2 quasar (Barvainis & Antonucci, 2005), but
also in a type 1 quasar (Impellizzeri et al., 2008), which, furthermore,
is the megamaser with the highest redshift.
Braatz et al. (1997) found that the absence of detections in Seyfert 1
galaxies indicates either that these galaxies do not have molecular
gas with appropriate conditions to mase, or that the masers in these
galaxies are beamed away from the observers line of sight. The lat-
ter is in good agreement with the findings of Braatz & Gugliucci
(2008), who state that masers, specifically those in AGN accretion
disks are beamed in the plane of the disk. Miyoshi et al. (1995) show
with VLBA observations of NGC 4258 that masers are found in thin
edge-on disks only few parsec away from the supermassive black hole
in the nucleus. The unified scheme of AGN (Lawrence & Elvis, 1982;
Antonucci, 1993) says that Sy 1 nuclei are hidden within Sy 2 galaxies
behind an obscuring dusty molecular thick disk, or torus, indicating
that the two different types of Seyfert galaxies only differ in terms of
the viewing angle: Sy 1s are seen more pole-on while Sy 2s are seen
more edge-on. If one takes the detection rate of H2O megamasers in
all AGN (10%) into account, the probability to find no maser emis-
sion is at 90%. It was tried to determine the viewing angle under
which the probability to find megamaser emission is 10%, which is
the fraction of AGN known to exhibit water maser emission.
P (ϑ) = 2 · 2pi (1 − cos ϑ)
4pi
= 1 − cos ϑ (5.1)
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Figure 5.5.: A simple depiction of the unified scheme in context of water megamaser
emission. Sy 2 galaxies are the host galaxies with the most water maser detections. A
possible explanation in terms of the unified scheme is that the only difference between
Sy 1 galaxies and Sy 2s is the viewing angle of the observer. Sy 2 galaxies are seen
more edge-on whereas Sy 1s are seen more pole-on. The angle under which the maser
emission is detectable is only ± 6◦ from the equatorial plane (region shaded in grey).
This explains the lack of megamaser detections in Sy 1 galaxies.
Putting the values into Eq. 5.1 results in an angle of 6◦. This means
that the maser emission most probably will be detected if the line
of sight to the observer falls within an angular distance of ± 6◦ from
the equatorial plane. For that see also Fig. 5.5. This statement is
in good agreement with the findings of Miyoshi et al. (1995). Nu-
clei with large hydrogen column densities (NH2 > 10
24 cm−2) seem to
favor the excitation of H2O masers (Braatz et al., 1997; Kondratko
et al., 2006b; Madejski et al., 2006; Zhang et al., 2006). This accentu-
ates the importance of the obscuring torus geometry additionally. In
this context Miyoshi et al. (1995) furthermore find that if other H2O
megamasers have a similar structure to the ones found in NGC 4258,
the detection of only type 2 Seyferts indicates that the thick torus
and the thin disk tend to be coplanar. As shown by Greenhill et al.
(1996) (high-resolution observations of NGC 1068), the maser emis-
sion seems to arise from the innermost parsecs of the nucleus or rather
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the inner edge of the thick torus. Braatz et al. (1997) suggest that
the scale height of the inner thin disk might expand with the increase
of the distance from the black hole and by that present a transition to
the thick disk or torus obscuring the Sy 1 nucleus. Furthermore, they
asses that the absence of maser detections in Sy 1 galaxies cannot be
hold responsible for the weak tendency of H2O-detected galaxies to
be intrinsically fainter than undetected ones.
In their statistical overview of all known megamaser sources Ben-
nert et al. (2009) find that most galaxies known to host a water
megamaser are classified as spirals (84%). The remaining 16% are
made up by S0 galaxies (7%), elliptical galaxies (1%) and irregular
or peculiar galaxies (8%). Only NGC 1052, which is classified as
a Seyfert 2 galaxy or LINER (Bennert et al., 2009) has an ellipti-
cal morphology. They argue that the mechanism fueling the nuclear
activity is one important property separating spirals (morphological
type of most Seyferts) from early type galaxies (morphological type
of most QSOs). Bar instabilities may be the means to transfer the
gas, provided by the spiral host galaxy, into the central region to fuel
the AGN hosted by Seyfert galaxies (Combes, 2006). The H2O sub-
sample consists of eight elliptical or S0 host galaxies, six spirals and
three galaxies that seem to be in a merger/interaction phase, which
unfortunately decreases the, a priori already small, chance to find a
water maser in a sample composed of Sy 1–1.5, even more. Taking
the statement of Bennert et al. (2009) about the morphology of the
galaxies known to show maser emission into account the chance of
finding one maser from an elliptical host galaxy is very slim. Statisti-
cally, one out of 78 detected water megamaser sources shows elliptical
morphology, which means it would take ∼ 1 900 observed galaxies to
find a second elliptical host galaxy with water megamaser emission.
In addition, the continuum fluxes are very low for the sample sources.
A strong continuum could amplify the 22 GHz H2O maser emission.
Jets are not known for any of the sample galaxies.
5.4.4. Black hole mass
One prominent difference between Seyfert galaxies and QSOs, besides
the brightness on the absolute magnitude scale, lies in the mass of
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their nuclear engines. Seyferts have black hole masses between 106
and few 107 M (e.g., Herrnstein et al., 1999; Henkel et al., 2002).
Quasars, on the other, hand can reach masses of the central black
hole up to 109 M (e.g., Labita et al., 2006; Vestergaard et al.,
2008). The black hole masses for the sources in this works sample
range from rather small, at least for QSOs, 1.07× 107 M (HE 1011–
0403; Wang & Lu, 2001) up to large 3.47× 108 M (HE2302–0857;
O’Neill et al., 2005). The large black hole masses could possibly
imply that the conditions in the vicinity of the nuclear black hole
are not stable enough to provide the conditions necessary for stable
megamaser emission (Tarchi et al., 2007; Bennert et al., 2009).
5.5. Conclusions/Summary
Here the results on a search for H2O water megamasers in 17 nearby
low-luminosity QSO host galaxies are presented. None of the target
sources was detected in the 22 GHz maser emission line. Therefore
the results of previous water megamaser surveys, stating that extra-
galactic water maser are found primarily in Seyfert 2 galaxies and
LINERs, are supported. The atomic and molecular gas contents of
the member galaxies of the H2O subsample were compared. For al-
most all of them the atomic gas content is larger than the molecular
one. A sensitivity study shows that the observational setup used
obtaining the discussed data was sufficiently suited to detect water
megamaser emission. To prove this in practise two known galactic
maser sources (Orion–KL and W3(OH)) were observed successfully.
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A.1. The H2O maser spectra and DSS2 IR images
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Figure A.1.: 22 GHz maser spectra of the observed host galaxies from the ’nearby
QSO sample’ observed with the Effelsberg 100-m telescope and optical DSS images all
objects. The images in the middle extend over 40.2′′ and the ones to the right contain
2′. 40.2′′ is roughly the size of the beam at 22 GHz. North is up and East to the left.
Each source is identified by its HES name (top left corner of the spectrum) and the
redshift (top right corner).
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Figure A.1.: continued
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A.2. The H2O maser spectra and the corresponding
cross-correlation plots
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A.2. The H2O maser spectra and the corresponding cross-correlation
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Abbreviations
Jy Jansky (1 Jy = 10−26 Wm−1Hz−1)
L Solar luminosity (1 L= 3.85× 1026 Watt
M Solar mass (1 M= 1.989× 1030 kg)
pc parsec (1 pc = 3.0856× 1016 m)
2MASS Two Micron All Sky Survey
A&A Astronomy and Astrophysics
A&AS Astronomy and Astrophysics Supplement Series
AGN Active Galactic Nuclei
AJ Astronomical Journal
AK 90 Autocorrelator used as a backend at the
Effelsberg 100-m telescope
Ap&SS Astrophysics and Space Science
ApJ Astrophysical Journal
ApJS Astrophysical Journal Supplement Series
ARA&A Annual Review of Astronomy and Astrophysics
BIMA Berkeley-Illinois-Maryland Association
BLR Broad Line Region
CO Carbon monoxide
DEC Declination
DSS Digitized Sky Survey
ESO European Southern Observatories
FFTS Fast Fourier Transform Spectrometer
FIR far-infrared
FIRST Faint Images of the Radio Sky at Twenty cm
FWHM full width at half maximum
FWZI full width at zero intensity
HEMT High Electron Mobility Transistor
HES Hamburg/ESO survey
HI Neutral atomic hydrogen
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Abbreviations
HPBW Half Power Beam Width
HST Hubble Space Telescope
IR infrared
IRAM Institute for Radio-Astronomy at mm wavelengths
IRAS InfraRed Astronomical Satellite
ISM InterStellar Medium
LINER Low Ionization Nuclear Emission Regions
LO Local Oscillator
MIR mid-infrared
MNRAS Monthly Notices of the Royal Astronomical Society
MPIfR Max-Planck Institute for Radioastronomy, Bonn
NED NASA/IPAC Extragalactic Database
(http://nedwww.ipac.caltech.edu)
NGC New General Catalogue
NIR near-infrared
NLR Narrow Line Region
NRAO National Radio Astronomy Observatory
NVSS NRAO VLA Sky Survey
OVV Optically Violently Variables
PASJ Publications of the Astronomical Society of Japan
PdBI Plateau de Bure Interferometer
QSO Quasi-Stellar Object
Quasar Quasi-Stellar Radio Source
RA Right Ascension
SDSS Sloan Digital Sky Survey (http://www.sdss.org)
SED Spectral Energy Distribution
SEST Swedish ESO-Submillimeter Telescope
SMBH Supermassive Black Hole
SNR Signal-to-Noise Ratio
UGC Uppsala General Catalog of Galaxies
ULIRG UltraLuminous InfraRed Galaxy
UV Ultraviolet
VLA Very Large Array
VLBA Very Long Baseline Array
VLBI Very Long Baseline Interferometer
WFC Wide Field Camera on board of the HST
WFPC Wide Field and Planetary Camera on board of
the HST
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